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Zusammenfassung

Einzelmolekülmagnete (engl. single molecule magnets, SMMs) spielen im Bereich
der molekularen Spintronik eine Schlüsselrolle. Ein vielversprechender Ansatz zur
Nutzung des Spin-Zustands einzelner SMMs ist die Organisation dieser Moleküle in
zwei-, ein- oder null-dimensionalen Strukturen auf Oberflächen. Dabei stellen sich
im Wesentlichen zwei Herausforderungen: Zum einen wird eine Deposition intakter
SMMs durch die häufig komplexe Struktur dieser Moleküle erschwert. Zum anderen
kann die Wechselwirkung der Moleküle mit dem Substrat zu einem Verlust ihrer
funktionalen magnetischen Eigenschaften führen.

Die vorliegende Arbeit ist eine experimentelle Untersuchung von SMMs auf me-
tallischen und nichtmetallischen Oberflächen. Ein besonderes Interesse liegt dabei
auf der strukturellen Organisation der SMMs, sowie auf dem Einfluss der Ober-
fläche auf die elektronischen und magnetischen Eigenschaften. Zur Deposition der
Moleküle wird das Verfahren der Elektrospray-Deposition im Ultrahochvakuum an-
gewandt, das eine nahezu zerstörungsfreie Abscheidung selbst komplexer und nicht
flüchtiger Verbindungen ermöglicht. Die anschließende Charakterisierung der mo-
lekularen Eigenschaften erfolgt durch Rastertunnelmikroskopie und -spektroskopie
(engl. scanning tunneling microscopy and spectroscopy, STM/STS), sowie durch
oberflächenempfindliche röntgenbasierte Messmethoden.

Im ersten Teil der Arbeit wird der zur Elektrospray Deposition verwendete expe-
rimentelle Aufbau detailliert beschrieben. Die vielseitigen Einsatzmöglichkeiten des
Depositionsverfahrens werden am Beispiel verschiedener molekularer Verbindungen
demonstriert, unter anderem an Eisen-Phthalocyanin (FePc), einem sternförmigen
Polyfluoren Polymer und einem Triazatruxen (TAT) Derivat. Durch eine Deposition
dieser Verbindungen auf Edelmetall-Oberflächen und eine anschließende Untersu-
chung der Oberflächenbeschaffenheit mittels STM werden Informationen über die
Unversehrtheit der Moleküle, deren Wachstumsverhalten, sowie die Anzahl an Ver-
unreinigungen auf der Probenoberfläche gewonnen.

Im zweiten Teil der Arbeit wird der Einzelmolekülmagnet Mn12-ac untersucht,
der als typischer Vertreter dieser Klasse von Molekülen gilt. Als Substrat für die De-
position wurden Au(111) und Ag(111) Oberflächen, sowie eine einatomige Lage von
Graphen auf Ir(111) verwendet. STM Messungen bestätigen eine Abscheidung von
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vi Zusammenfassung

strukturell intakten Mn12 Molekülen. Jedoch führt die Wechselwirkung zwischen
Mn12 und dem Substrat im Fall der Edelmetall-Oberflächen zu einer Reduktion
der Mangan-Ionen, die über Röntgen-Photoelektronenspektroskopie nachgewiesen
werden kann, sowie zu einer Verbreiterung der molekularen Zustände in STS Mes-
sungen. Im Gegensatz dazu zeigen STS Messungen an Mn12 auf Graphen/Ir(111)
scharfe Leitfähigkeitsmaxima, die auf eine elektronische Entkopplung der Moleküle
vom metallischen Substrat hinweisen.

Im dritten Teil der Arbeit wird die Untersuchung von SMMs auf Oberflächen auf
den vierkernigen Eisen(III) Komplex Fe4 erweitert. Durch eine gezielte Modifizierung
der organischen Liganden-Hülle der Verbindung, sowie durch die Verwendung von
hexagonalem Bornitrid auf Rh(111) und Graphen auf Ir(111) als geeignete Substrate
wird die erste erfolgreiche Organisation von Fe4 SMMs in hoch-geordneten periodi-
schen Oberflächenstrukturen demonstriert. Hochaufgelöste STM Messungen zeigen,
dass die einfache magnetische Achse der Moleküle auf beiden Substraten entlang
der Oberflächennormalen ausgerichtet ist. Die Anisotropiekonstante ist im Falle ei-
ner Deposition auf Graphen unverändert gegenüber kristallinem Material, was über
eine Messung des zirkularen magnetischen Röntgendichroismus nachgewiesen wird.
Um zusätzliche Informationen über die intramolekulare Austauschwechselwirkung
in Fe4 auf der Graphen-Schicht zu gewinnen, wird die Energie von Spin-Anregungen
in einzelnen Molekülen mittels inelastischer Tunnelspektroskopie gemessen.



Summary

Single molecule magnets (SMMs) play a key role in the upcoming field of molecular
spintronics. A possible route to the utilization of the spin state of individual SMMs
is the organization of these molecules in two-, one- or zero-dimensional structures
on surfaces. However, the deposition of intact SMMs is often hindered by the large
and complex molecular structure of these compounds and the interaction of the
molecules with the substrate can result in a loss of their magnetic functionality.

In this thesis, we study the organization of SMMs on metallic and non-metallic
surfaces and investigate whether and to what extend the proximity of the SMMs
to the surface is changing their electronic and magnetic properties. For the depo-
sition of the SMMs, we use electrospray deposition (ESD) in ultra-high vacuum,
which is capable of bringing complex and nonvolatile molecules onto surfaces with
only minor fragmentation. In order to address the properties of the SMMs on the
single-molecule level, we use low temperature scanning tunneling microscopy and
spectroscopy (STM/STS). In addition, we utilize X-ray based techniques to ob-
tain surface-sensitive spectroscopic information averaged over a large number of
molecules.

In the first part of the thesis, the implementation of the ESD setup is described
in detail, as it has been a substantial part of this work. The design of the indi-
vidual setup components is discussed and the relevant deposition parameters are
characterized. In order to demonstrate the capabilities of the setup, we investigate
the deposition of several exemplary compounds on noble metal surfaces, including
iron phthalocyanine (FePc), a polyfluorene star polymer and a triazatruxene (TAT)
derivative. STM images obtained on the samples after deposition provide insight
into the integrity of the molecules, their growth behavior and the amount of con-
taminations present on the sample surface.

In the second part, we perform a study of the archetypical SMM Mn12-ac on
three different substrates: Au(111), Ag(111) and graphene on Ir(111). Our STM
measurements indicate that structurally intact Mn12 clusters are present on all of
these surfaces after deposition. However, the interaction between Mn12 and the
noble metal surfaces results in a broadening of the molecular states as obtained
from STS measurements, as well as in a reduction of the manganese ions observed
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viii Summary

in X-ray photoelectron spectroscopy (XPS). In contrast, sharp resonances are ob-
served in STS measurements performed on Mn12-ac on graphene/Ir(111), indicating
that the molecules can be electronically decoupled from the metallic substrate by a
monatomic layer of graphene.

Finally, we extend our investigation of surface-supported SMMs to a tetranu-
clear iron(III) complex known as Fe4. By modifying the organic ligand shell of the
compound and using hexagonal boron nitride (h-BN) on Rh(111) and graphene on
Ir(111) as growth templates, we demonstrate for the first time that Fe4 can be
organized in highly periodic two-dimensional structures. Based on high resolution
STM images, we show that the molecules adsorb on both substrates in a well defined
geometry with their magnetic easy-axis being oriented along the surface normal. Fur-
thermore, by means of X-ray magnetic circular dichroism (XMCD) measurements,
we demonstrate that the magnetic anisotropy constant of Fe4 is unaffected upon
the deposition on graphene. To obtain information on the intramolecular exchange
coupling in Fe4 on the graphene layer, we measure the energy of spin-flip excitations
in individual molecules via inelastic electron tunneling spectroscopy (IETS).
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Introduction

The enormous performance improvement of integrated circuits over the last 50 years
mainly resulted from the ongoing miniaturization of their basic electronic compo-
nents. As of 2016, complementary metal–oxide–semiconductor (CMOS) technology
is produced in the 14 nm fabrication node and the typical feature size of a single
transistor in end-user devices is well below 100 nm. Many technical hurdles have been
overcome to reach this state, disproving the predicted end of Moore’s scaling law
over and over again. However, there is an inevitable limit of how small a transistor
can get and this limit will probably be reached within the next two decades.

Considering the amount of research and development that has been placed in
over a long period of time, the current CMOS technology is unlikely to be replaced
anytime soon. Possible alternatives are still on the stage of fundamental research
and are far from entering everyday applications. Nevertheless, the elaboration of
new concepts is unavoidable to maintain the development of electronic devices on a
long-term scale.

A perspective to surpass the limits of silicon-based technology is provided by
molecular electronics, i.e. the use of molecular building blocks for the fabrication
of electronic components. Going back to a proposal of Aviram and Ratner in 1974
that a single molecule could be used as a rectifier [1], molecular electronics provide
several advantages that cannot be achieved by conventional top-down fabrication
methods. As the smallest functional unit occurring in nature, a single molecule
represents the ultimate limit of miniaturization. Unlike metallic and semiconducting
nanostructures, molecules offer a precise control of the exact spatial position and
binding configuration of every single atom. They are not subject to dispersion in size
and shape and therefore have predictable and reproducible properties. The chemical
functionality of most molecules can be tailored by means of established wet-chemical
methods, allowing for an adaption to different environments. Furthermore, molecular
devices may facilitate a cost-effective production process by utilizing molecular self-
assembly.

Going one step further, non-diamagnetic molecules offer the possibility to exploit
both the electronic and spin degrees of freedom, which is the basic concept of a
discipline called spintronics. In the field of data storage, spintronic components,
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2 Introduction

such as spin-valves, already found their way into everyday technology. Furthermore,
spin-based logic devices have been proposed for future applications [2]. Combining
the ideas of spintronics and molecular electronics, a class of molecules which is
particularly promising are single molecule magnets (SMMs). The striking property
of these compounds is their magnetic hysteresis of purely molecular origin, meaning
that the spin state of a single molecule – at low temperature – remains stable in
zero magnetic field over a long period of time. Due to this unique magnetic behavior,
SMMs were proposed as candidates for spintronics [3], magnetic data storage [4] and
quantum computing [5] applications. Moreover, SMMs have attracted considerable
attention in fundamental research, since they allow for a macroscopic observation of
quantum mechanical effects, such as quantum tunneling of magnetization [6, 7] and
berry phase oscillations [8].

The perspective to use SMMs as building blocks in molecular spintronics is the
main motivation for this work. Here, we present a study of two specific molecules.
One of them, Mn12, is the first discovered SMM [9, 10] and is widely considered as
the archetype of this class of molecules. The other one, Fe4, comprises a more simple
and highly symmetric molecular structure and has raised great interest due to its re-
markable chemical stability [11]. In order to contact the individual molecules, we use
the tip of a scanning tunneling microscope (STM), which enables an unprecedented
control of the junction geometry, including a precise knowledge of the electrode struc-
ture and molecule orientation. Insight into the elastic and inelastic charge transport
properties of the molecules is obtained by recording the current-voltage characteris-
tics of the tunnel junction, which is also known as scanning tunneling spectroscopy
(STS).

A prerequisite for STM measurements and a requirement for any possible ap-
plication is the deposition of the molecules on a substrate. In the field of SMMs,
progress has been hindered for a long time by the difficulty to find suitable depo-
sition procedures. Thermal sublimation in vacuum is not possible for most SMMs,
as the large size of these molecules results in low vapor pressures. Other methods,
such as drop-casting or wet-chemical grafting, suffer from poor sample quality and
are difficult to combine with the demands of STM and STS. In this work, we uti-
lize electrospray deposition (ESD) in ultra-high vacuum (UHV), which is a recently
advanced technique allowing for an in situ deposition of nonvolatile molecules with
well controllable surface coverage and with only little restrictions in choice of the
substrate. The construction and characterization of a UHV-ESD setup has been an
essential part of this work.

The content of this thesis is organized in three major parts. The first part, com-
prising chapters 1 to 4, outlines the basics of SMMs, ESD and STM/STS. Additional
experimental methods that were applied in this work, such as low energy electron
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diffraction (LEED), X-ray photoelectron spectroscopy (XPS) and superconducting
quantum interference device (SQUID) magnetometry, are briefly introduced. The
second part, including chapters 5 to 7, mainly deals with the experimental equip-
ment and preparation routines. Special emphasis is placed here on the description of
the utilized ESD setup, as it is crucial for the preparation process. Finally, the third
part presents and discusses the performed experiments. Chapter 8 first gives a brief
overview of the capabilities and limitations of the ESD setup by showing several
experimental examples. Subsequently, the main study of Mn12 and Fe4 compounds
is presented in chapters 9 and 10, respectively.



4 Introduction



Part I

Basics
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1 | Single-Molecule Magnets

A single-molecule magnet (SMM) is a molecular material in which the individual
molecule can be considered as a tiny magnet, meaning that its magnetic moment
is stable over a certain period of time at low temperatures. It therefore exhibits a
slow relaxation of magnetization of purely molecular origin, which is in contrast to
conventional magnetic materials whose magnetism is a collective phenomenon that is
based on the interaction of a large number of particles. The preservation of magnetic
hysteresis in the case of non interacting molecules has been confirmed experimentally
by various studies, such as measurements on frozen diluted solutions of Mn12 [12–14]
and on diluted crystals of Fe4, in which the spin carrying molecules are embedded
in a crystalline matrix of their diamagnetic Ga4 analogue [15]. This formation of
magnetic order on the molecular level does not only give rise to the great interest in
SMMs as molecular building blocks for possible applications, but is also the origin
of fascinating quantum size effects that are reflected in their magnetic behavior.
It is the goal of this chapter to introduce the main theoretical concepts that are
widely used in order to describe magnetic relaxation in SMMs and to give insight
into their unique magnetic properties. The content will be discussed in a rather
general manner, since specific examples of SMMs can be found in later chapters
that describe the materials used within this work in detail.

1.1 The Spin Hamiltonian Approach

Heisenberg Hamiltonian

The magnetic moment of a SMM is in general carried by a number of transition
metal, lanthanide or actinide ions that are interlinked with each other by their
coordinating ligands. Although single ion SMMs are known today [16], this number
is typically significantly larger than one. The spins of the individual metal centers
are not independent of each other, but are exchange coupled by indirect interactions,
such as superexchange or double exchange. If only the isotropic contribution of these
interactions is taken into account and if all non-nearest-neighbor terms are neglected,

7



8 Chapter 1 Single-Molecule Magnets

the exchange coupling can be described by the Heisenberg Hamiltonian

Hex = −
∑
i<j

JijSi · Sj , (1.1)

where the sum is evaluated over all pairs of spins Si of the cluster. Jij are called the
exchange coupling constants and can be positive or negative in sign, depending on
whether the interaction is ferromagnetic or antiferromagnetic, respectively.

Although (1.1) is a considerable simplification of the complicated processes that
are responsible for the exchange interaction and that take place in the spatial domain
rather than in spin space, utilizing it is often inconvenient. Even for moderate cluster
sizes, numerical diagonalization of (1.1) can be extremely time consuming, since the
dimension of the Hilbert space grows exponentially with the number of spin centers.
Furthermore, the parameter space built up by all different coupling constants often
is too large to be determined by experiment.

Giant Spin Approximation

The complexity of the problem is significantly reduced, when the isotropic exchange
coupling is the dominating term in the overall spin Hamiltonian and when the system
is studied at low temperatures, so that only the ground spin state S of (1.1) is
occupied. In this so called strong exchange limit, the system can be described by
a single giant spin S of spin quantum number S. For the cluster to behave as a
SMM rather than a paramagnetic molecule, it is necessary that this giant spin is
subject to a magnetic anisotropy. The microscopic origin of magnetic anisotropy in
SMMs is based on various contributions, the most important ones being related to
the crystal field of the coordination environment of the individual metal centers and
to the magnetic dipole-dipole interaction between all spins within one molecule [17].
In first approximation, the anisotropic term in the Hamiltonian is a quadratic form
of the spin operators and it is convenient1 to write it as

Han = DS2
z + E(S2

x − S2
y). (1.2)

The two constants D and E account for the axial and the transverse contribution to
the anisotropy, respectively. They are restricted by the condition |E/D| ≤ 1/3, since
larger |E/D| ratios would be equivalent to renaming the coordinate axes. In some
cases, e.g. when E = 0 due to symmetry reasons, it might be necessary to include
higher order anisotropy terms. In general, only even order terms up to order 2S have
to be taken into account. A useful method that takes advantage of the molecular

1A more obvious choice of a quadratic form of the spin operators would be Han = DxxS
2
x +

DyyS
2
y + DzzS

2
z . By using the relation S2

x + S2
y + S2

z = S(S + 1), it can be easily shown that
this term differs from (1.2) only by a constant when the anisotropy parameters fulfill the relations
D = Dzz − 1

2 (Dxx +Dyy) and E = 1
2 (Dxx −Dyy).
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point group symmetry is to write the anisotropic term as a sum of so called Stevens
operators [18]. In the important case of tetragonal symmetry, the lowest order terms
are given by [19]

Han = DS2
z + B

2 (S4
x + S4

y). (1.3)

In addition to the exchange interaction (1.1) and the magnetic anisotropy (1.2)
or (1.3), the effect of an external magnetic field H can be taken into consideration.
This is done by adding a Zeeman term

HZ = gµBS · H (1.4)

to the spin Hamiltonian, where g denotes the g-factor of the total spin.

1.2 Thermally Activated Magnetic Relaxation

Ising Type Magnetic Anisotropy

In many cases, the lowest order transverse anisotropy term is small compared to the
axial one. In a first approximation, we will therefore neglect the transverse term in
(1.2) or (1.3). Furthermore, we will assume that the external magnetic field is applied
in direction of the anisotropy axis, i.e. H = Hez, so that we have to consider the
Hamiltonian

H0 = DS2
z + gµBHSz. (1.5)

Because H0 and Sz commute, the eigenstates |m〉 of Sz, defined by Sz |m〉 = m |m〉,
are also eigenstates of H0 and the corresponding eigenvalues are obviously given by

H0 |m〉 = Em |m〉 , Em = Dm2 + gµBHm. (1.6)

Since the term Dm2 in (1.6) lifts the degeneracy of the spin 2S + 1 multiplet even
for H = 0, the constant D is also called zero field splitting (ZFS) parameter. In the
following, we will assume D < 0, so that the anisotropy is characterized by an easy
axis of magnetization in z-direction. This situation is depicted in Figure 1.1 for the
example of an S = 10 state. The energy levels are forming a double potential well,
in which the two lowest lying states |m〉 = |±S〉 are separated by an energy barrier
of

∆E = |D|(S2 −m2
0), (1.7)

where m0 is 0 for integer S and 1
2 for half-integer S.
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Figure 1.1 | Energy levels of a SMM
with an easy axis of magnetization in
zero magnetic field, depicted for an ex-
emplary S = 10 ground spin state. Red
and blue arrows illustrate stepwise exci-
tation and relaxation by adsorption and
emission of phonons, respectively. m

Em

-S

-S+1

S

S-1

D
E

Arrhenius Law

The occurrence of slow magnetic relaxation in SMMs is related to the time scale,
on which the system is able to overcome this energy barrier. To illustrate this, one
might consider the situation that all the spins initially occupy the same side of
the double well, which can be realized by first saturating the magnetization of the
sample in a strong magnetic field and then driving the field quickly back to zero. In
thermal equilibrium, both sides of the double well will be equally occupied, meaning
that no magnetization of the sample is present in zero magnetic field. However,
transition into equilibrium requires the spins to climb up the ladder of states |m〉
and subsequently relax into the lower lying levels of the opposite well. This stepwise
excitation and relaxation process takes place by adsorption and emission of phonons
via spin-phonon coupling and will therefore strongly depend on temperature.

In general, the convergence of the magnetization M to its equilibrium value Meq

will follow an exponential time evolution

M(t)−Meq(H) ∝ exp(−t/τ), (1.8)

which defines a relaxation time τ . As for many other processes in nature that require
an energy barrier to be overcome by thermal excitation, the temperature dependence
of the relaxation time is described by a so called Arrhenius law

τ = τ0 exp ∆E
kBT

. (1.9)

The reciprocal of the prefactor τ0 is also called attempt frequency. Experimental
values of τ0 can differ by several orders of magnitude and are typically in the range
of 10−6–10−11 s [20]. An analytical expression of τ0 was derived by Villain et al. [21],
stating that

τ0 ∝
ρc5
s

|Vm0+1,m0 |2
S6

∆E3 , (1.10)
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where ρ is the mass density, cs is the velocity of sound (assumed to be the same for all
acoustic modes) and Vm0+1,m0 is the matrix element of the spin-phonon interaction
for the last transition in climbing up the ladder, i.e. |m0 + 1〉 → |m0〉2.

The Arrhenius law (1.9) implicates that magnetic hysteresis in SMMs can only
be observed at low temperatures. When the temperature rises, the relaxation time
becomes small compared to the time required for a measurement, meaning that the
sample will behave like a paramagnetic ensemble of spins with large quantum number
S in thermal equilibrium. Such a behavior is known as superparamagnetic and has
been observed on ferromagnetic single-domain particles and granular ferromagnetic
alloys long before the discovery of the first SMM [22–24]. The transition between
both regimes takes place at the so called blocking temperature TB, which marks the
point where relaxation occurs on the time scale of the experiment3.

The need of applications for high blocking temperatures did motivate the search
for SMMs with ever larger values of ∆E and S, resulting in a record energy bar-
rier of ∆E = 938 K for a mononuclear Tb complex [25] and a record ground spin
state of S = 83/2 in a ferromagnetically coupled Mn19 aggregate [26]. However, it
must be observed that the increase of TB achieved within more than two decades of
research did not meet the expectations. To the knowledge of the author, the SMM
which represents the strongest magnet-like behavior to this day is a radical-bridged
Dy2 compound that shows hysteresis up to 8.3 K in magnetometric measurements
recorded at conventional sweep rates [27]. The reason of this shortcoming is a second
relaxation process, that will be discussed in the next chapter.

1.3 Quantum Tunneling of Magnetization

At very low temperatures, the relaxation time τ of a SMM deviates from the tem-
perature dependence predicted by the Arrhenius law. Instead of further increasing
with falling temperature, it approaches a constant level, as shown in Figure 1.2a
for the archetypical Mn12-ac cluster. Furthermore, it is observed that the relaxation
time oscillates with the magnetic field, reaching minima at almost equally distanced
values, which is in contradiction to the monotone field dependence of the energy
barrier in (1.9) (see Figure 1.2b).

2The exclusive dependence of τ0 on the specific matrix element Vm0+1,m0 reflects the small
number of phonons available at low energies. The transition with the smallest energy difference is
the slowest one and therefore determines the attempt frequency of the whole relaxation process.

3Depending on the experimental technique (i.e. DC magnetometry, AC magnetometry, Mößbauer
spectroscopy), the relevant time scale can vary by many orders of magnitude. Therefore, the value
of TB is always related to the method used for its measurement.
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Figure 1.2 | Relaxation time of Mn12-ac. (a) Arrhenius plot of the temperature
dependence in zero magnetic field (adapted from [28]). (b) Plot as a function of the
longitudinal magnetic field at T = 2.10 K (adapted from [6]).

Perturbation Approach

The origin of the remarkable low temperature behavior lies in the transverse terms
of the spin Hamiltonian that have been neglected in the discussion so far. Since
these terms do not commute with Sz, the eigenstates of the Hamiltonian are a
superposition of different states |m〉. Valuable insight into the problem is provided
by perturbation theory, when the transverse terms are considered as a disturbance
δH of the unperturbed HamiltonianH0, given by (1.5). To first order of perturbation
theory, the admixture of a state |m′〉 to an eigenstate |m〉 of H0 is given by

〈m′| δH |m〉
E

(0)
m − E(0)

m′

, (1.11)

where E(0)
m = 〈m|H0 |m〉 denotes the zero order eigenvalue of a state |m〉. Although

(1.11) is valid only when |m〉 and |m′〉 are not degenerate, it can be deduced that the
impact of the transverse terms on the eigenstates is strongest when the unperturbed
states are close or identical in energy. Degeneracy of the unperturbed states occurs
if

E(0)
m − E

(0)
m′ = 0 (1.12)

and it can be easily shown that this condition is met when the external magnetic
field is given by

H(mm′) = |D|
gµB

(m+m′). (1.13)

It should be noted that (1.13) implies that all pairs of states (m,m′) with the same
sum m+m′ are degenerate simultaneously4.

4This is only valid when higher order terms of axial anisotropy are neglected.
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Figure 1.3 | (a) Longitudinal field Zeeman splitting calculated based on the unper-
turbed Hamiltonian (1.5) for an exemplary S = 10 state. (b) Transverse anisotropy
terms cause a splitting of the eigenvalues originating from |m〉 and |m′〉 at the level
crossing field H ≈ H(mm′).

Level Anticrossing and Pure Quantum Tunneling

When H is far away from H(mm′), admixture of states can be neglected and it is rea-
sonable to write the eigenstates of the Hamiltonian as |m〉, although strictly speaking
m is not a good quantum number anymore. On the other hand, the states |m〉 and
|m′〉 will be strongly admixed when H ≈ H(mm′) and the notation of the eigenstates
as m and m′ will become meaningless in this case. In general, it is observed that
the original degeneracy of the eigenstates at H(mm′) is lifted by the influence of the
transverse terms. Instead, the two eigenvalues of the perturbed Hamiltonian are sep-
arated by an energy difference which is called tunnel splitting and denoted ∆(mm′)

or 2~ω(mm′)
T , where ω(mm′)

T is referred to as the tunnel frequency5. This effect is also
known as anticrossing and is depicted in Figure 1.3.

It can be shown that significant admixing of states around H(mm′) only appears
in a field interval of width δH(mm′) in which the energy difference between the
unperturbed states is of the order of the tunnel splitting, i.e.

gµB|m′ −m|δH(mm′) ≈ ~ω(mm′)
T . (1.14)

Within this interval, the delocalization of the eigenstates over both wells can enable
a direct transition between |m〉 and |m′〉. This process, known as quantum tunneling
of magnetization (QTM), provides an alternative relaxation mechanism besides ther-
mally excited crossing of the energy barrier and therefore results in a reduction of the

5The introduction of a tunnel frequency refers to the theoretical scenario of a SMM that is
perfectly isolated from its environment. In this case, transverse anisotropy leads to an oscillation of
the spin between |m〉 and |m′〉 with angular frequency ω(mm′)

T at at H = H(mm′), which is called
resonant quantum tunneling [19].
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Figure 1.4 | QTM observed in Mn12-tBuAc. (a,b) Hysteresis loops at different
temperatures and constant field sweep rate. The curves become temperature inde-
pendent below 0.6 K, indicating pure quantum tunneling from the ground state. (c)
Hysteresis at different field sweep rates and at T = 0.1 K, demonstrating that the
transition probability in the temperature independent regime is a function of the
sweep rate. Adapted from [32].

relaxation time. When the system is initially in state |m〉 and the field H is ramped
over the level crossing H(mm′) with a sweep rate dH/dt, a transition into |m′〉 will
take place with a certain probability P that depends only on ∆(mm′) and dH/dt and
that can be described by a formula first derived by Landau, Zener and Stückelberg
in 1932 [29–31]. Magnetic hysteresis curves of SMMs therefore become temperature
independent at very low temperatures, while steps appear at well defined field values
H(mm′) (Figure 1.4). These steps, widely considered as the fingerprint of QTM in
SMMs, were first observed on Mn12-ac in 1996 [6, 7].

Thermally Assisted Quantum Tunneling

When magnetization curves are recorded at intermediate temperatures, the process
of magnetization reversal can include both thermal excitation and QTM. While the
tunnel frequencies ω(mm′)

T can be extremely small for tunneling from the ground
state m = ±S, they might be of considerable size for smaller values of m and m′.
Therefore, quantum tunneling might take place from a higher spin state after ther-
mal excitation, provided that the timescale of the tunneling transition is reasonably
short compared to the lifetime of the excited state. The mechanism of this pro-
cess, which is called thermally assisted QTM, is sketched in Figure 1.5. It is the
dominating relaxation path at intermediate temperatures, but can extend to very
low temperatures in some cases. A prominent example is Mn12-ac: Although steps
in magnetization curves can already be observed at several Kelvin, the hysteresis
stays temperature dependent down to 59 mK [33] and pure QTM with tempera-
ture independent hysteresis could only be observed in other compounds, such as
Mn12-tBuAc [32] and Fe8 [8, 34].
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Figure 1.5 | Energy levels of
an S = 10 spin state subject
to a longitudinal magnetic field
H = H(−S,S−1). Thermally as-
sisted QTM is possible when the
system is first excited into a state
with smaller quantum number m.

An important consequence of thermally assisted QTM is that the effective height
of the energy barrier is reduced by bypassing the upmost energy levels. For this rea-
son, it is generally observed that the value of ∆E extracted from a fit of experimental
relaxation time data to the Arrhenius law is significantly smaller than a calculation
of the full barrier height (1.7) based on a magnetometric or electron paramagnetic
resonance (EPR) spectroscopy measurement of S and D.

Symmetry Related Selection Rules

From a theoretical point of view, QTM is not possible between arbitrary states, but
underlies selection rules that are related to symmetry. Since tunneling between two
states |m〉 and |m′〉 is only allowed when the transition matrix element 〈m′| δH |m〉
appearing in (1.11) is not zero, a tunneling resonance only exists when the transverse
anisotropy Hamiltonian contains terms of the spin ladder operators S± = Sx ± iSy
of order |∆m| = |m′ −m|. In the case of high symmetry molecules, this leads to a
restriction of the allowed tunneling transitions. It can be easily shown that, e.g., the
transverse term in (1.3) only allows |∆m| = 4 and that, more generally, molecules
with S4 symmetry (tetragonal crystal system) are subject to the transition rule
|∆m| = 4n, where n is an integer [19].

However, the existence of selection rules is in contradiction to almost all exper-
iments on SMMs, where usually all QTM transitions are found regardless of the
molecular symmetry. In fact, an experimental manifestation of selection rules was
not observed until 2009 [35]. There are many possible reasons for this violation, such
as local symmetry reduction due to crystalline disorder or theoretical shortcomings
of the giant spin approximation. The interested reader is referred to [35] for further
information.
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2 | Electrospray Ionization

The atomization of electrically conductive liquids into charged droplets by high
electric fields is a phenomenon that has been known for a long time. First reports on
the subject were published by Zeleny as early as 1914 [36,37]. Since then, the so-called
electrospray effect found its way into various applications of aerosol generation, such
as crop spraying, ink-jet printing, fuel atomization and air cleaning [38].

The idea that electrospraying could also be used to produce intact gas phase
ions from large and complex species in solution was first introduced by Dole et al.
in 1968 [39,40]. The pioneering work of Dole was motivated by the expectation that
this technique, called electrospray ionization (ESI), could be used to perform mass
spectrometry on macromolecules that tend to fragment when ionized by conventional
methods. However, the original setup used by Dole had some technical drawbacks
and it was finally up to Fenn and coworkers in 1984 to provide convincing experi-
mental evidence of electrospray ionization mass spectrometry (ESI-MS) [41,42].

In contrast to other so-called soft ionization techniques1 that are capable of
producing mass spectra with only little content of fragmentation, ESI-MS offers
a number of unique advantages. Since ionization is performed from solution, an
electrospray mass spectrometer can be directly coupled to a high performance liquid
chromatography (HPLC) system, which allows for a high throughput analysis of
complex analyte mixtures. Furthermore, ESI is capable of producing strong multiple
charging of heavy molecules, which effectively extends the mass range accessible in
mass spectrometry. Conventional mass analyzers are typically limited to mass-to-
charge ratios m/z of some thousand Th – a range which is well covered by ESI.
Among the species that have been successfully investigated by ESI-MS are large
organic polymers [42] and biological macromolecules like proteins [42], DNA [43]
and even viruses [44]. The molecular mass of the latter ones is in the range of 107 Da
and there is yet no evidence of an upper limit.

Besides mass spectrometry, another steadily growing field of electrospray ioniza-
tion is the surface deposition of nonvolatile materials, whose sublimation in vacuum
is prevented by low vapor pressures and thermal instability. In the most simple case,
electrospray deposition (ESD) is performed under ambient conditions, which allows

1Besides ESI, most importantly matrix assisted laser desorption/ionization (MALDI) is to be
mentioned.

17



18 Chapter 2 Electrospray Ionization

for a growth of thick film material [45–48]. Soft-landing of mass selected ions onto
solid and liquid surfaces in vacuum was performed with the aim of preparative mass
spectrometry [49–52]. More recently, a number of groups did build up experiments
for the in-situ investigation of electrospray-deposited molecules in submonolayer
coverage, making use of the powerful and highly surface sensitive methods that are
available in ultrahigh vacuum (UHV) technology [53–59]. Alternative techniques for
the UHV deposition of nonvolatile compounds, such as pulsed valves [60] or stamp-
ing techniques [61], are often easier to implement, but cannot reach the high degree
of control of surface coverage and purity that is achieved by ESD.

Within this work, electrospray generation and ionization was utilized in multiple
ways. On the one hand, thick films and submonolayers of molecular materials were
prepared by ESD at atmospheric pressure and in UHV, respectively. On the other
hand, ESI-MS was implemented as a part of sample analysis. The experimental
details of these procedures are described in chapters 5 and 6. The scope of this
chapter is to introduce the physical fundamentals behind electrospray ionization
and to review the properties of ions produced by ESI.

2.1 The Mechanism of Electrospray Ionization

The principle setup used for electrospray ionization is depicted in Figure 2.1. A
solution containing the analyte is pushed through a hollow metallic needle, called
emitter, at a certain volume flow rate F . By applying a high voltage Ve between the
emitter and a counter electrode, a strong electric field is generated at the apex of
the emitter, which leads to an accumulation of excess charge at the surface of the
liquid. The polarity of the voltage can be both positive or negative. In the following,
only the more commonly used positive ion mode will be considered.

2.1.1 Creation of Charged Droplets

When the electric field at the liquid surface reaches a critical value, the liquid menis-
cus acquires a conical shape, also known as Taylor cone. The deformation typically
takes place at voltages Ve of several kV, with the exact value depending on the elec-
trode geometry and liquid surface tension [62]. In his original work, Taylor did show
that an equilibrium between all forces acting on the liquid surface2 theoretically
requires an opening angle of the cone of αT = 98.6◦ [62]. In practice, opening angles
deviating from this value are observed since the system is not in a static condition.

From the apex of the cone, a jet is emerging, which breaks up into charged
droplets after short time due to Plateau–Rayleigh instability. The diameter of the
jet Dj critically depends on the volume flow rate F and liquid conductivity K. In

2A description of the shape of the liquid surface must include the electrostatic pressure, the
surface tension, the internal pressure of the liquid and the external pressure of the surrounding gas.



2.1 The Mechanism of Electrospray Ionization 19

VacuumF

Counter electrode

A

HV source

Ispray

Taylor cone

aT

Dj Dd

Emitter needle

N2

N2

Ve

Figure 2.1 | Principle setup used for electrospray ionization, containing an emitter
needle and a counter electrode, the latter one having an entrance orifice to a vacuum
region.

the regime of highly conducting liquids, the functional dependence is described by
the scaling law

Dj ∝ (εF/K)1/3 , (2.1)

where ε is the dielectric constant of the solution [63]. The same law holds for the
initial droplet diameter Dd, since the most probable size of the droplets is given
by the ratio Dd/Dj ≈ 1.89, well known from the breakup of jets without electric
charge [64].

Typical initial droplet diameters of conventional electrospray sources using flow
rates of several µl/min are in the range of 1–3µm [65,66]. Significantly smaller initial
droplet sizes can be achieved by reducing the flow rate to the nl/min range, which
gave rise of the construction of so called nanoelectrospray sources that offer very
high ionization efficiencies [66–68]. It should be noted, however, that stable working
conditions at low flow rates require small inner diameters of the emitter needle
[64], which makes the operation of such spray sources challenging. Furthermore, it
should be stated that F and K can not be chosen independently of each other. The
appearance of a stable Taylor cone emitting a single jet (a so-called cone-jet mode)
can only be observed in a narrow domain of the F -Ve space and it generally holds
that the higher the conductivityK is, the smaller are the allowed values of liquid flow
rates F [64]. Fine droplets are therefore generally created from highly conducting
liquids and in the case of liquid metals, the jet diameter can even become atomically
small [63].

The electric current Ispray that is transported by the jet depends on the liquid
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flow rate and conductivity as well. For highly conducting liquids, the scaling law

Ispray ∝ (γFK)1/2 (2.2)

is found, where γ is the surface tension of the solution [63]. High spray currents
can therefore be achieved by using high analyte concentrations, resulting in high
conductivities K. However, due to decreasing ionization efficiencies, signal inten-
sities observed in ESI-MS typically approach a plateau value at concentrations of
around 10−5–10−4 M, which settles the upper concentration limit commonly used in
electrospray ionization mass spectrometry [69].

2.1.2 Desolvation and Formation of Gas Phase Ions

In the electric field that is generated by Ve, the charged droplets created from the
liquid meniscus are accelerated towards the counter electrode. On their way, the
droplets are reduced in size due to solvent evaporation. A rapid decrease in droplet
temperature due to evaporative cooling is compensated by the interaction of the
droplets with the surrounding gas [39]. The electrospray generation therefore needs
to be performed at high enough (atmospheric) pressure and the evaporation is often
further supported by a counter flow of hot nitrogen gas.

During the evaporation process, the charge density at the surface of the droplets
is continuously increasing. When the Coulomb repulsion between the charges exceeds
the surface tension of the liquid, the spherical shape of the droplet becomes unstable.
It was first shown by Lord Rayleigh [70] that the critical diameter of a droplet
carrying a charge Q is given by

Dcrit =
(

Q2

8π2ε0γ

)1/3

, (2.3)

where ε0 is the permittivity of the surrounding medium. Notably, equation (2.3)
states that the distribution of a given charge over several small droplets is more
stable than a single large droplet of the same volume. Reaching of the Rayleigh limit
therefore leads to a disintegration of the droplet into smaller entities, which is known
as Coulomb fission [65, 71] (see Figure 2.2a). Since the satellite droplets created
during disintegration are again subject to solvent evaporation, further reduction of
the droplet size rapidly takes place by a cascade of desolvation and Coulomb fission
processes.

The mechanism for the final formation of gas phase ions has been the subject of
a long lasting and still ongoing controversy, that did revolve around two alternative
models (see Figure 2.2b). The so-called charge residue model (CRM) [39] assumes
that desolvation and Coulomb fission processes continue until droplets containing
only a single charged particle are created. Further evaporation of the solvent then
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Figure 2.2 | (a) Schematic representation of droplet size reduction due to solvent
evaporation and Coulomb fission. The fission process takes place by ejection of small
satellite droplets, that are carrying only a few percent of the total liquid mass, but
a significant fraction of the total charge [65]. (b) Formation of gas phase ions as
proposed by CRM and IEM.

leaves behind the gas phase ion as a residue. The alternative ion evaporation model
(IEM) [72] proposes that individual ions can separate ("evaporate") from charged
droplets when they are close to being unstable. Ion evaporation therefore has to be
thought of as a process that is competing with Coulomb fission and it is predicted
based on theoretical calculations that the ejection of individual ions rather then
charged droplets is dominating when the droplets reach sizes of the order of 10 nm
[72].

Regardless of the model, it should be noted that only a fraction of the particles
present in the original solution are ionized and brought into gas phase during the
electrospray process. The counter electrode is therefore reached by a mixture of gas
phase ions, solvent molecules and droplets containing charged as well as uncharged
particles. The efficiency of ion detection or deposition is further reduced by losses
that occur during ion transfer into vacuum, as it will be discussed in the next section.

2.1.3 Transfer into Vacuum

For the purpose of mass spectrometry and UHV surface deposition, a transfer of
the ions created by ESI into vacuum is mandatory. A vacuum chamber is connected
to the atmospheric pressure region of the electrospray source by a small leak in the
counter electrode. In practice, the leak is realized either as an orifice, or by using a
several cm long capillary, the latter one being easier to implement from a technical
point of view.

By adapting the inner diameter of the entrance hole and the pumping speed of the
vacuum pumping system, a pressure drop of around 3–5 orders of magnitude can be
achieved. Under these conditions, the expansion of the mixture of gas, droplets and
gas phase ions into vacuum becomes supersonic, which has important implications
for the properties of the created ion beam. Since a fluid traveling at supersonic
speed is not affected by changes of state appearing in downstream direction, the
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expansion of the jet takes place as if it entered a perfect vacuum. It is accompanied
by a transformation of particle movement from random to directed motion, which
results in a substantial cooling of the jet. Noteworthy, the jet is supersonic primarily
because of its cooling, resulting in a local decrease in speed of sound, rather than
because of the increase in velocity.

An adjustment to the local boundary conditions of the vacuum chamber takes
place by formation of a shock wave, in which the jet particles undergoe collisions
with the warm background gas, resulting in a back transformation of particle move-
ment from directed flow to random motion (see Figure 2.3a). At moderate chamber
pressures (of the order of 1 mbar), the shock wave is thick enough to prevent a pene-
tration of the background gas into the region of free expansion [73,74]. The location
of the shock wave, which is called Mach disk in flow direction, is an important design
consideration for the construction of supersonic jet sources. It can be estimated from
the empirical law

xM = 0.67di

√
p0
p1
, (2.4)

where xM is the distance between Mach disk and entrance opening, di is the internal
diameter of the entrance opening and p0 and p1 correspond to the pressures of the
atmospheric region and the vacuum chamber, respectively [75].

A conical opening to a lower pressure region, also called skimmer, is placed
upstream of the Mach disk in order to retain the directed motion of the jet particles
(see Figure 2.3b). To avoid scattering on an additional shock wave forming at the
entrance of the skimmer, it is important that the edge of the opening is as sharp
as possible [40]. Furthermore, it was found that maximum values for beam intensity
are achieved when the skimmer angle is in the range of 50–60◦ [73, 76].

The velocity of the beam downstream of the skimmer is determined by the prop-
erties of the carrier-gas. Macroions that are diluted in the carrier-gas are acceler-
ated to a velocity equal to that of the gas itself by undergoing collisions with the
carrier-gas molecules [39]. A theoretical estimation of the terminal velocity that is
approached during the free jet expansion is given by

v∞ =
√

2kB
m

(
γ

γ − 1

)
T0. (2.5)

Here, m is the mass of a carrier-gas molecule, γ = Cp/CV is the heat capacity ratio
of the carrier-gas, which is assumed to be independent of temperature (γ = 7/5 for
ideal diatomic gases), and T0 is the temperature of the carrier-gas in the atmospheric
pressure region [75].

A major disadvantage of the nozzle-skimmer design described here is the signif-
icant loss in ion intensity that appears in the first differential pumping stage of the
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Figure 2.3 | (a) Sketch of the main features present in a supersonic expansion. M
indicates the Mach number, defined as the ratio of flow velocity to the local speed
of sound. The region of free expansion, also called zone of silence, is delimited by a
shock wave, which is divided into Mach disk and Barrel shock. Shock wave structure
redrawn from [75]. (b) A skimmer is used for sampling of the jet.

vacuum system, owing to the fact that a only small part of the supersonic jet is
sampled by the skimmer. A substantially higher ion transmission can be achieved
by implementing a so called ion funnel, which consists of a series of ring electrodes
of progressively smaller internal diameter, used for focusing of the ions onto the
entrance of the second pumping stage [77–79]. However, the construction and oper-
ation of an ion funnel means a much larger effort compared to the use of a standard
nozzle-skimmer interface and it was therefore not taken into consideration for the
experimental setup used within this work.

2.2 Ions Produced by an Electrospray Source

Many analytes that are dissolved for the purpose of mass spectrometry or surface de-
position are originally present as neutral species. Their ionization pathway strongly
depends on the chemical properties of the analyte molecules, and is further influ-
enced by the composition of the solution and the parameters used for operation of
the electrospray source. Both positive and negative ions can be produced by electro-
spray ionization, with the sign of charge being defined by the polarity of the emitter
voltage Ve. In accordance with the previous section, only the positive ion mode will
be considered in the following discussion.

Analyte molecules containing basic groups can be charged by protonation in
a chemical acid-base reaction. An important example is the amino group, which
is present in many biological macromolecules, most famously in proteins. Since the
protonation equilibrium depends on the pH, the ionization efficiency can be increased
by adding volatile acids to the solution. Formic acid and acetic acid are widely used
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additives in electrospray mass spectrometry.
A similar charging mechanism is the formation of adducts with ions that are

present in solution either as contaminations, or as part of a salt that is added to the
solution on purpose. Na+ ions can derive from contact with glassware and are found
in concentrations of around 10−6 M even in analytical grade solvents [80]. Other
alkali and alkaline earth metal ions such as Li+, K+, Mg2+ and Ca2+ are typically
present as impurities to a smaller extend. Adduct formation plays an important role
for polar analyte molecules, that do not contain any basic functional group. It is not
limited to neutral species, but can also affect the formation of gas phase ions from
ionic molecules.

As the opposite of adduct formation, charging can also take place by fragmen-
tation. When a part of the analyte molecule is split off by heterolytic cleavage of
a chemical bond, two fragments of opposite charge are formed, one of which can
occur in the electrospray, depending on the sign of the ion mode. Although ESI is
generally known as a soft ionization method, fragmentation can not be excluded. It
should be considered especially in analytes that contain non-covalent bonds, such
as the coordinate bonds that are typically present in single-molecule magnets. In
fact, fragmentation of SMMs has regularly been observed in the ESI-MS spectra
measured within this thesis.

Finally, uncharged molecules can also be ionized by undergoing an electrochemi-
cal reaction. Oxidation of the analyte is then caused by the high electric field that is
generated at the gas-liquid interface. In contrast to protonation, the molecular mass
remains the same within the process, which enables an unambiguous identification
in mass spectrometry.
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The development of the scanning tunneling microscope by Binnig and Rohrer in
1982 [81,82] represents a milestone in surface physics and nanotechnology. The utility
of the new technique was demonstrated for the first time just one year later, when
the observation of the 7 × 7 reconstruction on Si(111) in real space put an end to
a long-lasting and controversial debate about an ever-increasing number of models
of this structure [83]. The real capabilities of scanning tunneling microscopy (STM)
however go far beyond resolving surface structures. Due to its ability to image,
manipulate and spectroscopically investigate matter at the atomic level, STM has
become an indispensable tool for scientists in various fields of research.

Figure 3.1 shows the principle setup used in STM. A fine metallic tip, usually
made of W or PtIr alloy, is attached to a piezoelectric scanner that can be moved
in all spatial directions x, y and z with sub-nm precision. The tip is brought in
close vicinity to the sample, meaning that the distance d between tip apex and
sample surface is in the range of around 0.5–1 nm. When a bias voltage V is applied
between tip and sample, a tunneling current I is generated due to the overlap of tip
and sample wave functions. Common values of V are between a few mV and several
V, while I typically ranges from a few pA up to several ten nA.

The key property of the tunneling current I ∝ e−2κd is its exponential depen-
dence on the tip-sample distance d. As a rule of thumb, typical values of the decay
constant are around κ ≈ 11 nm−1, meaning that I decays by one order of magnitude
when d is increased by 1Å [86]. The drastic distance dependence of the tunneling
current is taken advantage of by the two principle operating modes of STM. In the
so called constant current mode, the height z of the tip is adjusted by a feedback
loop in order to keep I at a preset level, while the tip is scanning the surface along
its lateral coordinates (x, y). In this way, a three-dimensional data set (x, y, z(x, y))
is received, which is called topographic image. In the less frequently used constant
height mode, the tip is moved on a plane parallel to the surface and the lateral
dependence of the tunneling current is recorded, yielding an image of the surface
in form of a data set (x, y, I(x, y)). This mode, however, is only appropriate for
atomically flat surfaces and is therefore of no importance for the present thesis.

25
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Figure 3.1 | Functional principle of STM. (a) Sketch of the integral parts of an
STM setup. (b) Constant current mode. Red and orange line profiles correspond
to different response times (gain settings) of the feedback loop. (c) Constant height
mode. Images adapted from [84,85].

3.1 Theory of Electron Tunneling

The theoretical background of STM is nowadays described in several textbooks, for
example the monographs of C. J. Chen [86] and R. Wiesendanger [87] and the collec-
tive work edited by J. A. Stroscio and W. J. Kaiser [88]. For a detailed introduction
into the topic, the reader is referred to the mentioned references. The aim of this
chapter is to give a brief overview of the fundamental aspects that are needed for a
comprehension of the main results presented in this work.

3.1.1 Bardeen Theory of Tunneling

The foundation for a theoretical treatment of electron tunneling in STM goes back
to a work of Bardeen published in 1961 [89], long before the invention of the scan-
ning tunneling microscope. Bardeen’s idea was to provide a solid explanation of
a pioneering experiment carried out by Giaever, who showed that the bandgap of
a superconducting material is reflected in the conductivity of a metal–insulator–
superconductor [90] or superconductor–insulator–superconductor [91] tunnel junc-
tion. The original calculation of Bardeen was carried out in one dimension in order to
match the planar junction geometry used by Giaever. However, Bardeen’s formalism
can easily be extended to three dimensions, enabling a treatment of the asymmetric
tip-sample interface present in STM.

The idea of Bardeen’s calculation resembles first order perturbation theory, al-
though being different from the standard perturbation approach of quantum me-
chanics. Instead of solving the Schrödinger equation of the combined system of
both electrodes, Bardeen starts by considering the solutions of the two electrodes
separately. Since the wave functions of each electrode overlap with the other elec-
trode, none of the solutions of the individual subsystems also fulfills the combined
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Figure 3.2 | Definition of Bardeen’s tunneling matrix el-
ement. The surface integral (3.2) is calculated on an arbi-
trary separation surface Σ.

Schrödinger equation. Therefore, when an electron is initially in an eigenstate ψµ
of electrode A (say the sample), there is a finite probability for it to be in a state
χν of electrode B (say the tip) at a later point of time. Bardeen did show that the
transition rate (probability per time) between both states is given by

λµν = 2π
~
|Mµν |2δ(Eµ − Eν). (3.1)

Equation (3.1) implies elastic tunneling, i.e. transitions can only take place between
states of equal energy Eµ = Eν . The so called tunneling matrix element is defined
as

Mµν = ~2

2m

∫
Σ

(ψµ∇χ∗ν − χ∗ν∇ψµ) · dS, (3.2)

where the integration has to be carried out on an arbitrary separation surface Σ
that is located inside of the tunneling barrier (see Figure 3.2). The exact position
and shape of Σ is not important for the result of integral [86].

By summing up the transition rates of all pairs of states, an expression for the
tunneling current I is obtained:

I = −e
∑
µ,ν

(
f(Eµ − Es

F)[1− f(Eν − Et
F)] · λµν

− f(Eν − Et
F)[1− f(Eµ − Es

F)] · λνµ
)

= 2πe
~
∑
µ,ν

[f(Eν − Et
F)− f(Eµ − Es

F)] · |Mµν |2δ(Eµ − Eν).

(3.3)

Here, Es
F denotes the Fermi energy of the sample, Et

F = Es
F +eV is the Fermi energy

of the tip and f(ε) = 1/(1 + eε/kBT ) is the Fermi distribution function, giving the
probability of a state to be occupied at an energy ε relative to the local Fermi level.

3.1.2 Tersoff-Hamann Model

The main task in the application of Bardeen’s theory of tunneling to STM is to
find a solution of the matrix element (3.2). While the aim of an STM experiment
typically is to explore the electronic states ψµ of the sample, a central difficulty in
the interpretation of measurement data is that little is known about the states χν
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of the tip. In general, the spatial dependence of the tip wave functions inside the
vacuum gap can be extended in a series of spherical harmonics Ylm(θ, φ) around the
center of the apex atom r0. In a simple model, Tersoff and Hamann [92,93] did only
take the l = 0 term of the series into account (s-wave tip states). Based on this
approximation, they did find

Mµν ∝ ψµ(r0). (3.4)

Influence of Energy and Momentum

For a periodic sample surface, a general expression of the wave function within the
vacuum region is given by [92]

ψµ =
∑
G

aG exp
(
−
√
k2 + |k‖ + G|2 z

)
exp

(
i(k‖ + G) · r

)
. (3.5)

Here k =
√

2m|Eµ|/~ results from the energy eigenvalue Eµ (measured relative to
the vacuum level), k‖ is the parallel component of the Bloch wave vector of the
sample state and G is a surface reciprocal-lattice vector.

The slowest decay in z-direction occurs for the G = 0 term, which is there-
fore dominating the distance dependence of the tunneling rate. Based on (3.4), one
obtains

|Mµν |2 ∝ e−2κd, κ =
√
k2 + k2

‖. (3.6)

Equation (3.6) implies that tunneling is most effective for sample states with high
energy (note that Eµ < 0) and small |k‖|, i.e. at the upper boundary of the energy
interval contributing to charge transport and in the center of the surface Brillouin
zone.

Interpretation of Topographic STM Images

The result of Tersoff and Hamann becomes particularly illustrative when the tun-
neling process is considered in the limit of small bias voltage and low temperature.
In this regime, the general formula of the tunneling current (3.3) is simplified to

I ≈ 2πe2

~
V
∑
µ,ν

|Mµν |2δ(Eµ − EF)δ(Eν − EF), (3.7)

where EF = Es
F ≈ Et

F. Substituting expression (3.4) for Mµν into equation (3.7),
one obtains for the tunneling conductance

I/V ∝ ρt(0)ρs(0, r0). (3.8)
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Here ρt(ε) =
∑
ν δ(Eν − Et

F − ε) is the density of states (DOS) of the tip at energy
ε relative to the tip Fermi level and ρs(ε, r0) =

∑
µ |ψµ(r0)|2δ(Eµ − Es

F − ε) is the
local density of states (LDOS) of the sample at the position of the tip apex r0 and
at energy ε relative to the sample Fermi level. Therefore, a topographic STM image
measured in constant current mode represents a surface of constant sample LDOS,
with the value of the LDOS on the surface (i.e. the distance of the iso-surface from
the sample) being defined by the ratio I/V .

3.1.3 Extension to Finite Bias Voltage

Extending the low voltage limit of the tunneling conductance (3.8) derived by Tersoff
and Hamann to finite values of V is not a trivial task. A fundamental problem of
such a generalization is the first order perturbative nature of Bardeen’s tunneling
theory that assumes the states of tip and sample to be unaffected by the electric
field building up inside of the vacuum gap. While this is a reasonable assumption
for the mV range used in the experiments of Giaever [90, 91] that were originally
addressed by Bardeen, it is not appropriate for bias voltage values of up to several
V that are often used in STM.

Instead of rigorously treating the problem by calculating the tip and sample wave
functions at finite bias voltage, Selloni et al. [94] proposed that the result of Tersoff
and Hamann could be qualitatively generalized by introducing an energy and voltage
dependent transmission coefficient T (ε, eV ) that accounts for the voltage drop in the
vacuum region. Motivated by equations (3.3) and (3.8), the tunneling current is then
written as

I ∝
+∞∫
−∞

[
f(ε− eV )− f(ε)

]
ρs(ε)ρt(ε− eV )T (ε, eV ) dε (3.9)

(see Figure 3.3). Using the semiclassical Wentzel–Kramers–Brillouin (WKB) ap-
proximation for tunneling through a trapezoidal potential barrier, the transmission
coefficient is given by [87]

T (ε, eV ) = exp
− 2

√
2m
~

d

(
φt + φs

2 + eV

2 − ε
)1/2, (3.10)

where φt and φs denote the work functions of tip and sample, respectively (see
Figure 3.4). It should be mentioned that expression (3.10) is derived for a planar
junction geometry (one-dimensional case) and is therefore neglecting the dependence
of the tunneling probability on the parallel momentum. Furthermore, image potential
effects arising from electron-electron interaction are not taken into account by the
trapezoidal shape of the barrier [87].
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Figure 3.3 | Tunneling process in the regime of finite bias voltages, depicted for
V = 0 (a), V > 0 (b) and V < 0 (c). Tip and sample DOS are arbitrary, consisting
of a smooth background and a peak. Shaded areas represent occupied states and the
size of the red arrows corresponds to the contribution of the electrons at the given
energy to the tunneling current.

3.1.4 Beyond Tersoff-Hamann

The limitations of the Tersoff-Hamann approximation were already pointed out by
the original authors [92, 93]. When the lateral size of a feature is of the order of
0.3 nm or smaller, the tunneling matrix element will in general be dominated by l 6= 0
contributions to the tip wave function [86]. As a result, the Tersoff-Hamann model
is unable to describe the appearance of atomic-scale STM images. In particular, the
experimental achievement of atomic resolution on close-packed metal surfaces is in
contradiction to the small atomic corrugations predicted by the spatial dependence
of their LDOS.

An extension of the model to nonspherical tip states was performed by Chen
[95, 96]. The result can be summarized in the so called derivative rule. When the
angular dependence of the tip wave function in the vacuum region is described by
a spherical harmonic of order l > 0, Bardeen’s matrix element (3.2) will be related
to a spatial derivation of the sample wave function at the position of the tip apex
in a very simple way. A pz tip state for example will result in a matrix element
Mµν ∝ ∂

∂zψµ(r0), while a dxy tip state gives Mµν ∝ ∂2

∂x∂yψµ(r0). Compared to the
s-wave form (3.4), these matrix elements are enhanced for states at the border of
the surface Brillouin zone. This intuitively explains the increased lateral resolution
accessible with tips made of W or PtIr alloy, whose DOS at the Fermi level is
dominated by d-electrons [95].

3.2 Scanning Tunneling Spectroscopy

In the previous section, it was shown that the voltage dependence of the tunneling
current is related to the local electronic properties of the sample. Therefore, recording
the current-voltage characteristic I(V ) at a specific position of the sample allows
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to extract spectroscopic information of high spatial resolution. In the following,
different techniques of data acquisition and data analysis will be introduced that are
applicable for different experimental situations.

3.2.1 Fixed Separation Measurements

The most common way of performing a so called scanning tunneling spectroscopy
(STS) measurement is to keep the tip-sample separation constant, while ramping
the voltage V over a specified interval [V1, V2]. This requires the feedback loop to
be opened at a certain set point Is and Vs of tunneling current and bias voltage,
respectively, which defines the tip-sample distance of the measurement. Treatment
of the data mainly depends on the magnitude of V1 and V2.

Low Bias Voltage Regime

When the applied bias voltages e|V | are small compared to the work functions φt

and φs of tip and sample, the energy and voltage dependence of the transmission
coefficient T (ε, eV ) can be neglected. If in addition the measurement is performed at
low temperature (i.e. kBT is small compared to the energy scale on which variations
in the DOS occur) and if the tip DOS is assumed to be featureless in the relevant
interval of energy [eV1, eV2], the general formula of the tunneling current (3.9) is
simplified to

I ∝ ρt(0)T (0, 0)
eV∫
0

ρs(ε) dε. (3.11)

By differentiation of the above expression, one obtains

dI
dV ∝ ρs(eV ). (3.12)

Therefore, the voltage dependence of the differential conductance offers a direct
measure of the energy dependence of the sample DOS.
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High Bias Voltage Regime

For STS measurements performed in the range of up to several volts, the impact of
the transmission coefficient on the tunneling current cannot be neglected anymore.
Since electrons tunneling from higher energy levels feel a reduced barrier height
compared to electrons that occupy lower states in energy, the tunneling current
is dominated by the contribution of the upper states within the allowed energy
interval (see Figure 3.3). As a result, the differential conductance dI

dV mainly probes
the unoccupied states of the sample at energy Es

F + e|V | for positive bias voltage,
while it is most sensitive to the unoccupied states of the tip at energy Et

F + e|V | for
negative bias voltage.

A quantitative estimation of this effect can be obtained based on equation (3.10).
Assuming e|V | to be small compared to the average work function φ = (φt + φs)/2,
which is a reasonable approximation for most experiments even in the high bias
voltage regime, the energy dependence of the transmission coefficient is given by

T (ε, eV ) ≈ T (0, 0) exp
(
κ0d

φ

(
ε− eV

2

))
, (3.13)

where κ0 =
√

2mφ/~ is the vacuum decay constant of a state at the Fermi level.
Typically, the work function of a metal surface is about 5 eV and the tip-sample
distance is of the order of 1 nm, which results in κ0d/φ ≈ 2.3 eV−1. Therefore, the
transmission coefficient is increased by about one order of magnitude, when the
energy is increased by 1 eV.

An additional implication of equation (3.13) is that the strength of the mentioned
effect critically depends on the tip-sample separation d. Therefore, I(V ) curves mea-
sured at different tip-sample separations can differ significantly in shape, as it is
shown in Figure 3.5a. This is in clear contrast to the low bias voltage regime, where
the tip-sample distance affects the current-voltage characteristic as a mere prefac-
tor1.

It was proposed by Feenstra, Stroscio and coworkers [97,98] that the exponential
energy and distance dependence of the transmission probability can be canceled
out to a large extent by normalizing the differential conductance dI

dV to the total
conductance I

V , i.e. by calculating the ratio dI
dV /

I
V = d ln I

d lnV . A close correspondence
of the normalized conductance to features in the DOS was first demonstrated in
theoretical calculations by Lang [99]. An experimental application of the procedure
is shown in Figure 3.5b, confirming that multiple I(V ) data measured at different
tip-sample separations indeed collapse onto a single curve after normalization.

The cancellation can be seen from the theoretical expression of the tunneling
current (3.9). Neglecting again the influence of temperature and tip DOS, we can

1Note that the term T (0, 0) in equation (3.11) depends on the tip-sample separation.



3.2 Scanning Tunneling Spectroscopy 33

-8 -6 -4 -2 0 2 4 6 8 -4 -3 -2 -1 0 1 2 3 4

0

2

4

6

-0.5

0.0

0.5

1.0

Bias Voltage (V)V Bias Voltage (V)V

C
u
rr

e
n
t 
  
(n

A
)

I

(d
 /
d

) 
/ 
( 

/
)

I
V

I 
V

a b c d e f g h i j k l m
(a) (b)

Figure 3.5 | STS measurement of the Si(111) 2 × 1 surface. (a) I(V ) curves at
different tip-sample separations d, increasing from curve a (7.8Å) to m (19.5Å). (b)
Ratio of differential to total conductance. The circles, open squares, filled triangles,
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respectively. Adapted from [97].

write the current as

I ∝
eV∫
0

ρs(ε)T (ε, eV )dε. (3.14)

Differentiation of this equation results in an expression of the differential conduc-
tance:

dI
dV ∝ eρs(eV )T (eV, eV ) + e

eV∫
0

ρs(ε)
d

d(eV )T (ε, eV ) dε. (3.15)

Thus, we find for the normalized spectrum

dI/dV
I/V

=

ρs(eV ) +
eV∫
0

ρs(ε)
T (eV, eV )

d
d(eV )T (ε, eV ) dε

1
eV

eV∫
0

ρs(ε)
T (ε, eV )
T (eV, eV ) dε

. (3.16)

According to equation (3.13), we can make the approximation d
d(eV )T (ε, eV ) ∝

T (ε, eV ). Therefore, the integrals in the second term of the numerator and in the
denominator provide a similar voltage dependence, meaning that their ratio does
not depend on the voltage at all. Furthermore, the denominator has the form of
an arithmetic average over the interval [0, eV ], which results in a relatively smooth
voltage dependence compared to the first term in the numerator. As a result, the
voltage dependence of the ratio dI

dV /
I
V mainly reflects the energy dependence of the

sample DOS.
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3.2.2 Variable Separation Measurements

The dynamic range of an STS measurement can be increased when the tip-sample
separation d is varied as a function of the bias voltage V . This is particularly im-
portant for the investigation of semi-conductive or insulating materials (such as the
molecular compounds studied within this work), where the presence of a band gap
results in a variation of the tunneling conductance over many orders of magnitude.

Typically, a linear functional dependence d(V ) = d0 − α|V | is used for the sep-
aration, where d0 is the distance at zero voltage and α is commonly in the range
of 0.5–1Å/V [88]. The measured tunneling current I(d(V ), V ) then reflects both
the intrinsic and the distance related variation with the bias voltage. Calculation of
the actual spectrum from the current is not possible, since numerical differentiation
gives a total derivative

dI
dV = ∂I

∂V

∣∣∣∣
d

+ ∂I

∂d

∣∣∣∣
V

dd
dV , (3.17)

which has no simple relationship to the DOS. The differential conductance at fixed
separation ∂I

∂V

∣∣
d
therefore needs to be acquired separately by means of a modulation

technique, which is described in detail in section 3.2.5. For the sake of simplicity,
the differential conductance at fixed separation will be denoted dI

dV in the following
course of this work.

In order to remove the influence of the varied separation on the spectrum, it is
mandatory to perform a subsequent data transformation. An overview of different
transformation procedures is given in [88]. A simple and reliable method is to cancel
the separation dependence by using the normalization procedure described in the
previous section, i.e. by calculating dI

dV /
I
V .

Unfortunately, a normalization to I/V cannot be applied directly when a band
gap is present at small voltage, since both the differential and the total conductance
become zero in the band gap region, resulting in an ill-defined and diverging be-
havior of the normalized conductance. The problem itself is not limited to variable
separation measurements, but also occurs in the normalization of fixed separation
curves. As pointed out by Mårtensson and Feenstra [100], the origin of the problem
is related to the role of I/V in the normalization procedure. While I/V usually
provides as estimation of T (ε, eV ), the method breaks down in the band gap region,
where the transmission coefficient itself does not approach zero.

Mårtensson and Feenstra proposed that the divergence in the normalized con-
ductance could be avoided when I/V is broadened via convolution with a suitable
function [100]. When the line width ∆V of the function is of the order of the gap
width, I/V becomes non zero in the band gap region, while its overall shape will
not change significantly (see Figure 3.6). An alternative procedure, which is advan-
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Figure 3.6 | Variable separation measurement on a monolayer of Sb on GaAs(110).
The left panel shows the raw data of the differential conductance at fixed separation
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the total conductance (d). In the right panel, the normalized conductance is plotted
for different broadening widths ∆V of the I/V curve. A reasonable signal-to-noise
ratio in the band gap region is achieved for ∆V = 1 V. Adapted from [100].

tageous for wide band gap materials, was proposed by Prietsch et al. [101]. Here, the
zeros of the denominator are removed by replacing I/V with

√
(I/V )2 + c2, where

c is a small offset constant.
Whether the method of Mårtensson and Feenstra or of Prietsch et al. is more

favorable depends on the shape of the I/V curve, as well as on the width of the band
gap. Both methods define an additional parameter (∆V or c), which must be chosen
as large as necessary (to get a reasonable signal-to-noise ratio in the band gap), but
as small as possible (to minimize the deviation from the original I/V curve outside
the band gap).

3.2.3 Measurements on Molecular Adsorbents

When STS measurements are performed on molecular adsorbents, the electronic
states of the molecules can in general not be simply ascribed to the sample DOS.
Instead, the molecule has to be viewed as a system on its own, which is coupled to
the surrounding tip and sample electrodes. The positions of the molecular orbitals
are defined with respect to the local vacuum level Evac. In particular, the difference
of Evac to the energy of the highest occupied molecular orbital (HOMO) is given by
the ionization potential IP, whereas the position of the lowest unoccupied molecular
orbital (LUMO) is determined by the electron affinity EA. Due to the coupling to
the electrodes, the lifetime τ of the molecular states is finite, which implies an energy
broadening Γ = ~/τ that can be used to indicate the coupling strength. Considering
both electrodes separately, the coupling to tip and substrate is denoted as Γt and
Γs, respectively, and the total broadening of the state is given by Γ = Γt + Γs.
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The interpretation of features in molecular STS spectra depends on the ratio
Γs/Γt. Since the distance of the molecule from the tip is typically larger than its
separation from the substrate, it is often save to assume an asymmetric coupling
Γs � Γt. In this case, the positions of the molecular orbitals are fixed with respect to
the Fermi level of the substrate, as shown in Figure 3.7a. The differential conductance
will consequently reflect the molecular DOS, meaning that features appearing at
positive and negative bias voltage are interpreted in terms of LUMO and HOMO,
respectively. As it will be discussed later, this is the situation which is assumed for
the spectra taken within this work.

However, it should be kept in mind that also more symmetric coupling conditions
Γs ≈ Γt can be the case, especially in systems where the molecule is decoupled
from the substrate by an insulating layer. The molecular states are then shifted
with respect to the Fermi levels of both tip and substrate when a bias voltage V
is applied. As a result, resonances at both positive and negative bias voltage can
be related to the same molecular orbital, as depicted in Figure 3.7b for the case of
LUMO-mediated transport. For an introduction into the topic, the reader is referred
to [102]. A more comprehensive review of the rich variety of physical effects that can
be observed in molecular junctions is given in [103,104].
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3.2.4 Inelastic Electron Tunneling Spectroscopy

Inelastic processes can give rise to an additional contribution to the tunneling cur-
rent that has not been considered in the discussion so far. Features in I(V ) curves
which originate from this contribution can be related to characteristic excitation
energies, which is the idea of inelastic electron tunneling spectroscopy (IETS). Early
experiments on planar tunnel junctions were already performed in the 1960s, where
the conductance was reported to change on the order of 1 % when vibrational modes
are excited in molecules that are embedded in the metal–oxide interface [105, 106].
The bonding structure and environment of the buried molecules however remain
unclear in these experiments and the taken spectra are an average over at least
109 molecules, so that individual differences in the vibration energies are effectively
washed out [107].

The invention of the scanning tunneling microscope paved the way for an ex-
tension of IETS to the level of individual atoms or molecules in a well defined
sample geometry. Theoretical calculations dealing with the possibility to measure
vibrational excitations in STM were reported soon after its invention by several
groups [108–111]. Successful experiments, however, where hindered for a long time
by the small cross sections of the underlying excitation processes, resulting in high
demands on the mechanical stability of the tunneling gap. An experimental ob-
servation of vibrational excitations in STM was therefore not demonstrated until
the pioneering work of Ho et al. in 1998 [112]. Later on, it was shown by Heinrich
et al. [113–115] that STM-IETS is not limited to the measurement of vibrational
modes, but can also be applied to detect spin-flip excitations in magnetic structures.
The observation of such spin-flip excitations in individual single-molecule magnets
has been one of the main motivations of this work.

The process of inelastic tunneling and its effect on the spectroscopic signal are
illustrated in Figure 3.8. When the excess kinetic energy e|V | of the tunneling elec-
trons is higher than the energy difference eV0 between two discrete internal states
of an object placed within the tunneling barrier, a fraction of the electrons will be
able to excite the respective object by losing a part of their kinetic energy. Since this
opens up a new tunneling channel in addition to the elastic transition, the differen-
tial conductance dI/dV increases step-wise at |V | = V0 and the second derivative
d2I/dV 2 consequently presents a peak at this voltage. It should be noted that the
direction of current flow doesn’t play a role for the excitation process, meaning that
inelastic features symmetrically appear at both polarities of the bias voltage.

The exact voltage and temperature dependence of the inelastic contribution Ii
to the tunneling current can be easily calculated when it is assumed that the lifetime
τ of the excited state is much smaller than the average time between two tunneling
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Resulting voltage dependence of the tunneling current I and its first and second
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processes2, i.e. τ � e/I. Neglecting the energy dependence of the transmission
coefficient and of tip and sample DOS3, one can write

Ii ∝
+∞∫
−∞

(
f(ε− eV )

[
1− f(ε− eV0)

]
− f(ε)

[
1− f(ε− eV − eV0)

])
dε. (3.18)

The integral can be solved analytically, yielding

Ii ∝ g(V )− g(−V ), with g(V ) := e(V − V0)
exp

(
e(V−V0)
kBT

)
exp

(
e(V−V0)
kBT

)
− 1

. (3.19)

Differentiation of this expression results in the curves plotted in Figure 3.8c,d. The
full width at half maximum (FWHM) of the peak in d2I/dV 2 can be estimated to
be 5.4 kBT [106].

3.2.5 Lock-In Technique

Experimentally, the differential conductance dI/dV is not obtained by numerical
differentiation of the taken I(V ) curve, but is measured simultaneously by means of

2This assumption ensures that a tunneling electron always finds the system in its ground state.
Saturation effects can lead to a drastic change of the obtained spectra [116].

3Typical spin-flip excitation energies in SMMs are of the order of a few meV. One can therefore
restrict the calculation to the low bias voltage regime.
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a lock-in amplifier. While this generally results in a better signal-to-noise ratio, it is
moreover a mandatory requirement for the measurement of the spectroscopic signal
in variable separation experiments (see section 3.2.2).

The technique is generally based on the principle of signal modulation, meaning
that a small sinusoidal voltage V̂mod sinωt is added to the bias voltage V . This
results in a modulation of the tunneling current I(V + V̂mod sinωt) with the same
base frequency, as can be seen from a Taylor expansion:

I(V + V̂mod sinωt) = I(V ) + dI
dV (V ) V̂mod sinωt+O

(
(V̂mod sinωt)2). (3.20)

The modulation frequency f = ω/2π has to be set to a value higher than the
regulation speed of the feedback loop in order to prevent a crosstalk to the piezo
movement, but must be lower than the bandwidth of the STM preamplifier to allow
for a measurement of the modulation of the tunneling current. Due to the capacitance
C of the wiring, an additional capacitive current

Ic(t) = C
d
dt(V̂mod sinωt) = ωCV̂mod cosωt (3.21)

is caused by the modulation, which appears at the same frequency, but is phase
shifted relative to the tunneling current by 90◦. The total (measured) current Itot

can therefore be written as

Itot(t) = I(V + V̂mod sinωt) + Ic(t) +N(t), (3.22)

where N(t) denotes the noise of the current measurement. The lock-in amplifier
can now be thought of as a filter which is selective with respect to both frequency
and phase. When the transmission of the filter is restricted to a narrow bandwidth
around the modulation frequency f and to the phase of the tunneling current I, the
first harmonic of the tunneling current ∝ dI

dV (V ) can be separated from the rest of
the signal.

Technically, the filtering is achieved by first multiplying the measured signal Itot

with the original sinusoidal modulation phase shifted by an adjustable parameter ϕ
and then integrating the result by means of a low-pass filter with cutoff frequency
fc � f (see Figure 3.9b). In the limit of large integration times τ ∝ 1/fc, the output
can be written as

lim
τ→∞

1
τ

τ/2∫
−τ/2

Itot(t) · sin(ωt+ ϕref + ϕ) dt, (3.23)

where the phase ϕref takes into account that the measured signal in general is phase
shifted with respect to the reference modulation due to the impact of the STM
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Figure 3.9 | Lock-in detection. (a) A small modulation of the bias voltage V
results in an oscillation of the tunneling current I that is proportional to the slope
of the I(V ) curve in first order of approximation. (b) Schematic representation of
a lock-in amplifier implemented in an STS experiment. The reaction speed of the
feedback loop can be slowed down by an additional low pass filter (LPF) with cutoff
frequency below f .

preamplifier. The integration effectively cancels out every term in Itot that is oscil-
lating with an angular frequency different from ω. This also applies to the current
noise N(t), which is assumed not to be correlated to the reference modulation. Cal-
culation of the integral can be carried out by substituting equations (3.20) to (3.22)
into (3.23). In the limit of small modulation amplitudes V̂mod → 0, one obtains the
result

1
2

dI
dV V̂mod cos(ϕref + ϕ) + 1

2ωCV̂mod sin(ϕref + ϕ). (3.24)

The phase therefore has to be adjusted to ϕ = −ϕref in order to eliminate the
capacitive contribution to the signal. This is realized in experiment by retracting
the tip by several nm, meaning that the tunneling term in (3.24) vanishes ( dI

dV → 0),
and subsequently setting the phase ϕ to the value that minimizes the remaining
capacitive signal ∝ sin(ϕref + ϕ).

A complete elimination of the noise, as implied by (3.24), is not possible in
experiment, since large integration times are slowing down the response of the lock-
in amplifier to changes of the input signal. In general, τ should be multiple times
smaller than the amount of time needed for the measurement of a single point in the
spectrum, which itself is limited by the temporal stability of the tunneling contact.
A measurement example is shown in Figure 3.10.
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Figure 3.10 | Example of a lock-in measurement. (a) I(V ) curve obtained on
a superconducting Pb cluster on Ir(111). (b) Comparison of the numerical derivative
of the curve shown in (a) (black) and the simultaneously measured lock-in signal
(red). Parameters for spectroscopy: Vs = 12 mV, Is = 300 pA, Vmod = 0.5 mV, f =
614.3 Hz, τ = 30 ms, T = 1.9 K. Measurement performed together with Lars Müller
and Samuel Bouvron [117,118].

Energy Resolution

The linear dependence of the lock-in signal (3.24) on the differential conductance dI
dV

was derived on the assumption of small modulation amplitudes, i.e. by neglecting
higher order terms in the Taylor expansion (3.20) of the tunneling current. For finite
values of V̂mod, it can be shown by variable substitution that the general expression
(3.23) of the lock-in output is of the form [118]

1
2πV̂mod

V̂mod∫
−V̂mod

dI
dV (V + x)

√
V̂ 2

mod − x2 dx, (3.25)

provided that the phase ϕ is adjusted correctly. The result can be read as a convo-
lution of the differential conductance and a semicircle of width 2 V̂mod and FWHM
∆mod =

√
3 V̂mod ≈ 1.7 V̂mod, meaning that the measurement signal is smeared out

within a small window around the bias voltage V (see Figure 3.11b). The correct
choice of the modulation amplitude therefore is a trade-off between signal strength
and energy resolution.

The ability of an STS measurement to resolve energetically sharp features in the
DOS however is not restricted by the lock-in technique alone, but is also limited by
the temperature broadening of the Fermi edge. The influence of a finite temperature
T on the spectroscopic signal so far has only been considered in the case of IETS,
while a temperature of zero has been assumed in the discussion of elastic tunneling.
An extension of expression (3.12) for elastic STS in the low bias voltage regime4 to

4In the high bias voltage regime, thermal broadening is typically small compared to the intrinsic
width of spectroscopic features and can therefore be neglected.
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Figure 3.11 | Energy resolution in elastic STS. An infinitely sharp peak in the
sample DOS (a) is broadened to a semicircle due to the modulation voltage Vmod
of the lock-in amplifier (b) and to the derivative of the Fermi distribution function
due to the finite measurement temperature T (c).

finite temperatures is given by

dI
dV ∝ −

∞∫
−∞

df(ε)
dε ρs(ε+ eV ) dε. (3.26)

The differential conductance therefore is a convolution of the sample DOS and the
first derivative of the Fermi distribution function df

dε , which is a Gaussian-like peak
of FWHM ∆T = 3.5 kBT (see Figure 3.11c). Note that the temperature induced line
width of elastic tunneling spectroscopy is smaller than the value of 5.4 kBT derived
for IETS, which is due to the fact that inelastic features result from tunneling
between electronic states that are located at the Fermi edge on both sides of the
tunneling barrier.

Combining lock-in and temperature broadening, the measurement signal in gen-
eral must be written as a convolution of the sample DOS with both broadening
functions. A simple estimation of the resulting energy resolution ∆E is obtained by
assuming a Gaussian-like sum rule of the individual line widths ∆E2 ≈ ∆2

T + ∆2
mod.

Substituting the modulation amplitude with the more convenient root mean square
(rms) value Vmod = V̂mod/

√
2, the result is given by

∆E ≈
√

(3.5kBT )2 + (2.4eVmod)2. (3.27)
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Besides scanning tunneling microscopy and spectroscopy, a number of additional
experimental techniques has been used for sample characterization within this thesis.
The basics of these methods will be briefly discussed in the following sections.

4.1 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique based on
the photoemission of electrons from occupied sample-states due to illumination with
X-ray radiation. It allows for a determination of the type and chemical state of
different elements present on the sample surface.

The essential components of an XPS setup are depicted in Figure 4.1a. An X-ray
source generates photons of energy hν, to which the sample is exposed. A fraction
of the emitted photoelectrons is collected by electrostatic lenses and filtered by an
energy analyzer. Those electrons whose kinetic energy Ekin is close to a preset value
are able to pass the analyzer and get subsequently detected by an electron multiplier.
The photoelectron spectrum is then acquired as the number of electrons N(Ekin)
counted within a certain time interval as a function of kinetic energy.

Due to energy conservation, the kinetic energy of the photoelectrons can be
related to the binding energy EB of their initial state. The corresponding relation is
given by

Ekin = hν − EB − Φ, (4.1)

where Φ denotes the work function of the energy analyzer. Since the binding en-
ergies of core electrons are characteristic for different elements, XPS spectra can
be used to identify the elemental composition of the sample. Even more important,
subtle shifts of the binding energies can arise depending on the chemical bonding of
the elements, meaning that XPS spectra also provide information about the local
chemical environment. Comprehensive spectroscopic data of reference materials are
available in literature and can be used for comparison [119].

The information depth of XPS data is determined by the mean free path of the
excited photoelectrons. Within the energy range relevant for most photoemission

43
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Figure 4.1 | (a) Schematic illustration of the experimental setup used for XPS.
Dashed lines visualize photoelectron paths for zero incidence angle and kinetic energy
values which are equal (black), larger (blue) or smaller (red) than the pass energy of
the electron analyzer. (b) Exemplary sample density of states ρ(E) consisting of core
level and valence band contributions, together with the corresponding photoelectron
spectrum N(Ekin).

experiments (10–2000 eV), the mean free path of the photoelectrons is of the order
of a few monolayers, which renders XPS a highly surface sensitive technique [120]. A
reliable and reproducible measurement of XPS data therefore demands for ultrahigh
vacuum (UHV) conditions during sample preparation and data acquisition.

Whether a spectroscopic feature can be resolved by XPS depends on several
contributions: the resolution of the energy analyzer, the spectral line width of the
photon source and the thermally broadened intrinsic line widths of the electronic
levels, which are usually dominated by the finite lifetime of the excited ionic states.
Typically, the analyzer resolution is set to a value slightly below the line width of the
X-ray source, which in most cases limits the overall resolution of the measurement.
For a hemispherical analyzer, the energy resolution is given approximately by [121]:

∆E = Ep

(
w

2R + α2

4

)
. (4.2)

Here, Ep is the pass energy of the analyzer, w is the effective combined width of
entrance and exit slit, R is the mean radius of the hemispheres and α is the angular
divergence of the electrons at the entrance slit (see Figure 4.1a).

It should be noted that the relaxation of the system into its electronic ground
state after excitation of a core electron can be accompanied by the Auger effect,
which gives rise to the emission of additional electrons contributing to the spectrum.
In contrast to the photoelectric effect, Auger electrons appear at characteristic values
of the kinetic energy rather than the binding energy. A discrimination between Auger
electrons and photoelectrons is therefore possible by recording spectroscopic data at
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Figure 4.2 | Low energy electron diffraction. (a) Principle experimental setup,
containing the sample, an electron source and a fluorescent detector. The detector
is usually surrounded by three or four concentric grids, which are used to screen
the electric field generated by the high detector potential and to suppress the ho-
mogeneous background signal caused by inelastically scattered electrons. (b) Ewald
construction for a 2D lattice.

different photon energies.

4.2 Low Energy Electron Diffraction (LEED)

Low energy electron diffraction (LEED) is a standard UHV analysis technique used
for investigating the surface structure of crystalline materials [122,123]. The principle
setup is depicted in Figure 4.2a. A collimated beam of monochromatic electrons with
a kinetic energy typically in the range of 20–300 eV is directed at the sample surface.
Those electrons which are elastically backscattered from the surface are observed on
a hemispherical fluorescent screen. Since the de Broglie wavelength λ = h/p of the
electrons is of the order of interatomic distances, diffraction patterns of periodic
surfaces comprise well separated spots.

For a qualitative understanding of the essential features of a LEED pattern,
kinematic scattering theory is sufficient, i.e. multiple and inelastic scattering can be
neglected. Due to the small mean free path of low energy electrons, scattering mainly
takes place within a few atomic layers of the sample surface. In first approximation,
the sample can therefore be treated as a 2D lattice, meaning that the scattering
condition becomes [122]

K‖ := k‖ − k0,‖ = G‖. (4.3)

Here, k0,‖ and k‖ refer to the in plane wave vector components of incident and
backscattered electrons, respectively, and G‖ is a 2D reciprocal lattice vector.

The solutions of (4.3) can be visualized by means of an Ewald construction
(see Figure 4.2b). According to the experimental geometry, the wave vector k0 is
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positioned with its end on the (00) reciprocal lattice point and a sphere of radius
|k0| =

√
2meE/~ is drawn around its starting point. In order to account for the

infinitely large inter-layer distance of the real space structure, the 2D reciprocal
lattice must be extended into three dimensions as rods pointing perpendicular to
the reciprocal lattice plane. The scattering condition is fulfilled for all intersections
between these rods and the Ewald sphere. Consequently, the diffraction pattern
observed on a hemispherical screen directly reproduces the symmetry of the 2D
reciprocal lattice. The highest order of diffraction which is visible on the fluorescent
screen depends on the radius of the Ewald sphere and therefore on the energy of the
incoming electrons. When the energy is increased, all diffraction spots move towards
the (00) reflex, while higher order reflexes appear at the edge of the screen.

4.3 Superconducting Quantum Interference Device (SQUID)
Magnetometry

A superconducting quantum interference device (SQUID) is a highly sensitive mag-
netic field sensor. It can be considered as a flux-voltage converter, which turns a
small magnetic flux into a measurable voltage signal. Every physical property which
is related to a magnetic flux can be measured by means of a SQUID sensor. In
particular, this applies to the magnetic moment, which is measured in SQUID mag-
netometry.

The integral part of a SQUID sensor is a superconducting ring, which is in-
terrupted by either one (radio frequency (rf) SQUID) or two (direct current (dc)
SQUID) weak links. A weak link can be realized either as a thin barrier made of in-
sulating or normal-conducting material, or as a physical constriction that diminishes
the superconductivity at a specific point (i.e. a grain boundary in a high temperature
superconductor). Together with the surrounding superconducting material, each of
the weak links forms a so called Josephson junction, which underlies specific relations
between the supercurrent, the voltage drop and the superconducting phase param-
eter. For a detailed discussion of the physical fundamentals and technical subtleties
of SQUID measurements, the reader is referred to the available literature [124,125].
Here, only a brief insight into SQUID operation will be given. In accordance with
the experimental setup (see chapter 5.2), the discussion will be limited to the rf
SQUID type operated in the so called hysteretic regime.

Figure 4.3a shows a schematic drawing of the electric circuit used for rf SQUID
operation. The superconducting loop containing the Josephson junction is induc-
tively coupled to a tank circuit that is driven by an oscillating current Irf sinωrft at
a frequency ωrf/2π in the range of around 20MHz to 10GHz [125]. The external flux
Φext in the SQUID loop – which is to be measured – is therefore superimposed by
an oscillating flux Φrf generated by the current in the inductor of the tank circuit.
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Figure 4.3 | SQUID magnetometry. (a) Schematic representation of the rf
SQUID with tank circuit and input coil. (b) Structure of a superconducting detec-
tion coil which is configured as a second order gradiometer. The sample is moved
along the axial position z in the applied magnetic field H. (c) Shape of the SQUID
response curve V (z) according to equation (4.4).

Since the total magnetic flux in a superconducting ring must be a multiple of the
flux quantum Φ0 = h/2e ≈ 2 × 10−15 Wb, a screening current Is must flow in the
SQUID loop in order to increase or decrease the flux to next integral number of
Φ0. When the system is designed properly, energy is dissipated in the Josephson
junction with a rate that depends on Is and that is therefore a periodic function
of Φext with a period of Φ0. This in turn affects the damping of the tank circuit,
so that the rf voltage amplitude across the circuit – the actual output signal – is a
periodic function of Φext as well. In order to achieve a linear response of the SQUID
to the applied flux, the sensor might be operated within a small flux range (a small
fraction of Φ0) around the steepest point of the periodic transfer function. A much
larger dynamic range, however, can be attained when the SQUID is operated in a
so called flux-locked feedback-loop (see [124] for details).

Within a magnetometer, the SQUID sensor is typically not directly exposed to
the flux of the sample, but is inductively coupled to a superconducting detection
coil. In the used experimental setup, the detection coil is configured as a second
order gradiometer, comprising four loops, two of which are wound clockwise and
two counter-clockwise (see Figure 4.3b). This configuration has the advantage that
it is not sensitive to temporal changes in magnetic fields which are homogenous
or linear in space and is therefore reducing background noise and drift effects in
the SQUID detection caused by fluctuations and drifts in the large magnetic field
of the superconducting magnet. For a measurement of the magnetic moment, the
sample is moved along the axial coordinate z of the detection coil. The change in
the position of the sample causes a change in the flux of the detection coil and is
therefore changing the current flowing in the detection circuit. Since the circuit is
superconducting, this current does not decay and can therefore be measured as a
position dependent voltage signal V (z) by means of the inductively coupled SQUID
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sensor. For a sample that is approximated as an ideal point dipole, it can be shown
that the SQUID response is of the form [126]:

V (z) = X1 +X2 ·
(
2[R2 + z2]−3/2 − [R2 + (z + a)2]−3/2

− [R2 + (z − a)2]−3/2
)
.

(4.4)

Here, R is the detection coil radius, a is the longitudinal coil separation and X1 and
X2 are parameters accounting for signal offset and amplitude. The typical shape of
the response curve is plotted in Figure 4.3c. Calculation of the magnetic moment
from the response curve is possible by fitting (4.4) to the V (z) measurement and
extracting the value of the magnetic moment from the best fit value of X2.

4.3.1 Subtracting the Sample Holder Background

A SQUID magnetometric measurement performed on a sample is always superim-
posed by the signal of the sample holder. In order to eliminate this contribution,
a reference measurement is performed on the empty sample holder. Usually, the
magnetic moments of both measurements are first determined by fitting (4.4) to
the corresponding V (z) raw data. The two moments are then subtracted from each
other, yielding the moment of the sample alone. However, this procedure might fail
in certain situations. While the sample usually fulfills the point dipole approxima-
tion with adequate accuracy, i.e. its lateral dimensions are small compared to the
detection coil, the sample holder often does not. As a result, the V (z) raw data of
both measurements will deviate from the functional dependence predicted by (4.4),
making an accurate calculation of the separate magnetic moments impossible.

The same problem arises when there is a spatial offset between both response
curves along the axis of the magnet. In this case, the superposition of sample and
sample holder will not have the ideal dipole pattern, even though both of them
on their own might have. This issue becomes particularly problematic in the case
of diluted samples and thin films with only weak magnetic moment, for which the
diamagnetic background of the sample holder can be of the same order as the moment
of the sample. For para- and ferromagnetic samples, typically both moments cancel
each other out at a certain magnetic field within an M(H) measurement (since the
moment of the sample saturates while the diamagnetic background is linear in H)
or at a certain temperature within an M(T ) measurement (since the moment of
the sample follows a Curie or Curie-Weiss law while the diamagnetic background is
temperature independent). Around these points, the fitting procedure totally breaks
down, resulting in strong artifacts of the measurement. An example of such a case
is shown Figure 4.4.

The problem can be solved by subtracting the V (z) response curves of both
measurements rather their magnetic moments. Special care must be taken that the
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Figure 4.4 | SQUID measurement of a film of Fe4H SMMs on a sapphire substrate
taken at 1.8 K, together with a reference measurement of the background signal
(substrate + sample holder). (a) Magnetic moments m as calculated automatically
by the SQUID measurement software from a fit of the V (z) response curves. Strong
artifacts distort the measurement of the sample, as the moments of film and back-
ground almost cancel each other out. (b) V (z) response curves corresponding to
the points measured at 28 kOe (marked by arrows in (a)). The response curve of
the sample strongly deviates from the ideal dipole pattern. Subtracting both signals
yields the response curve of the film alone (blue points). The solid line is a fit to the
curve based on (4.4). (c) Magnetic moment of the film alone as calculated from the
subtracted response curves.

empty sample holder is placed at exactly the same position as in the measurement of
the sample. The resulting difference of both curves then resembles the dipole form
and can therefore be fitted based on (4.4), yielding the magnetic moment of the
sample (see Figure 4.4b,c).

4.3.2 Pascal’s Constants

A quantitative analysis of paramagnetic behavior often requires a correction of the
diamagnetic contribution that is inherent in all atoms. This applies in particular
to single molecule magnets, whose magnetic moment is carried by an overall small
number of atoms in the molecular compound. While the diamagnetic contribution
of these materials may be negligible at low temperatures, it can account for several
percent of the total magnetization at room temperature, making a diamagnetic
correction neccessary.

A rough estimate of the molar diamagnetic susceptibility χD is given by

χD ≈ −
M

2 10−6 emu mol−1, (4.5)

where M is the molecular mass of the compound in multiples of atomic mass
units [127]. A more accurate calculation must take into account the contributions of
the individual atomic species present in the material and their chemical bonds. Dia-
magnetic susceptibility values of a broad variety of atoms and bonds are tabulated
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in literature as so called Pascals’s constants. All diamagnetic corrections performed
within this work are based on the values listed in [127].



Part II

Experimental Setups and
Sample Preparation
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5 | Setups Used for Sample
Characterization

5.1 Ultra High Vacuum Setups

Unless otherwise stated, surface sensitive measurements were carried out on two
different ultra high vacuum (UHV) systems from Omicron Nanotechnology, which
comprise a variable temperature (VT) STM/AFM and a Cryogenic STM, respec-
tively. Both systems are composed of two separate chambers that offer base pressures
below 1×10−10 mbar. They are equipped with identical tools for in situ tip and sam-
ple preparation, including an Ar+ sputter gun for surface cleaning, a resistive heater
for annealing of samples to intermediate temperatures, flashing stations for heating
of tips and samples to high temperatures via electron bombardment, effusion cells
and electron beam evaporators for material deposition and leak valves for controlled
gas admission. Furthermore, both setups include LEED optics, allowing for a quick
sample surface characterization.

All STM measurements reported in this thesis were carried out using electro-
chemically etched polycrystalline tungsten tips, cleaned in UHV by flash annealing,
or grinded and polished PtIr tips (Nanoscore GmbH).

5.1.1 VT STM/AFM Setup

The Omicron VT STM/AFM (Figure 5.1) is capable of STM and atomic force
microscopy (AFM) measurements at variable temperatures down to 25 K. Vibration
isolation of the system is achieved by means of an eddy current damped suspension.
Within this thesis, the VT STM/AFM was operated exclusively in the STM mode
and at room temperature.

The setup also contains instrumentation for XPS measurements, including an
Omicron EA 125 hemispherical electron energy analyzer equipped with a seven chan-
nel electron multiplier (CEM) detector and a twin-anode X-ray source supplied with
Aluminum (Al Kα, hν = 1486.6 eV) and Magnesium (Mg Kα, hν = 1253.6 eV) an-
odes. The line widths of the Al and Mg Kα emission lines are around 0.85 and
0.70 eV, respectively. The analyzer was operated in constant analyzer energy mode.
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Figure 5.1 | Photograph of
the VT STM/AFM setup.
Labels correspond to the
preparation chamber (1), the
STM (2), the hemispherical
electron energy analyzer (3)
and the X-ray source (4).
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According to equation (4.2), pass energy, slit widths and angular divergence were
typically chosen to achieve an overall energy resolution of around 1.0 eV.

5.1.2 Cryogenic STM Setup

The Omicron Cryogenic STM (Figure 5.2) enables low noise STM and STS mea-
surements at low temperatures and in high magnetic fields. It is based on a 4He
evaporation cryostat which can be continuously operated at sample temperatures
ranging from around 1.6 K to 300 K. The cryostat is equipped with a 3D vector field
superconducting magnet that provides maximum magnetic field values of 6 T per-
pendicular to the sample surface and 1 T in in-plane direction. In order to reduce
mechanical noise, the system is installed on a separate foundation (35 t concrete slab)
within a low noise laboratory environment that contains an isolated accommodation
for the 4He and UHV backing pumps and a vibration-free air conditioning system.
Transmission of vibrations to the STM is further reduced by a passive pneumatic
damping system. More detailed information about the setup can be found in the
thesis of S. Bouvron [118].

All dI/dV spectra presented within this thesis were acquired at the Cryogenic
STM setup by modulating the bias voltage and using a Stanford Research Systems
SR 830 DSP lock-in amplifier for detection. The modulation frequency was typically
set to values of 600–700 Hz in order to comply with the limits imposed by the 800 Hz
bandwidth of the STM preamplifier and the 300 Hz cutoff frequency of the STM
feedback loop. The value of the modulation amplitude is stated separately for each
individual measurement.

5.2 SQUID Magnetometry Setup

Magnetic characterization of samples was performed using a Quantum Design MPMS
XL5 SQUID magnetometer. The setup is based on an rf SQUID sensor coupled to a
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Figure 5.2 | Photograph of the
Cryogenic STM setup. Labels cor-
respond to the separate foundation
(1), the pneumatic damping sys-
tem (2), the UHV system compris-
ing STM chamber (3) and prepara-
tion chamber (4), the 4He cryostat (5)
and the STM preamplifier (6).

second order gradiometer detection coil. It allows for a measurement of the magnetic
moment at temperatures ranging from 1.8 K to 400 K and in external magnetic fields
of up to 5 T.

Different types of sample holders were used in order to achieve both a low back-
ground signal and a solid sample mounting. Single crystal samples were glued to
plastic straws, using small amounts of instant glue. Polycrystalline powder samples
were mounted either within straw hold gelatine capsules, or by using Quantum De-
sign VSM sample holders, which consist of a plastic capsule that is press fit into a
brass trough. Thin films were grown on sapphire substrates purchased from CrysTec
GmbH, which provide low amplitude diamagnetic background signals. In order to
allow for a film growth by means of electrospray deposition, the sapphire substrates
were covered with a 50–100 nm thick layer of Au prior to preparation.

All measurements performed on thin films and VSM sample holders were back-
ground corrected using the procedure described in chapter 4.3.1.

5.3 ESI-MS Setups

Mass spectra were recorded on a Bruker micrOTOF II and a Bruker amaZon SL
system, operated by the group of Prof. Marx at the university of Konstanz. Both
setups rely on the electrospray effect for analyte ionization. Solutions were directly
injected into the ESI interface, i.e. the HPLC system was bypassed. Typical op-
erating parameters of the electrospray source were as follows: source temperature
180 ◦C, desolvation gas flow 6–10 l/min, nebulizing gas pressure 0.5–1.2 bar.
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6 | Design and Characterization of a
Setup for Electrospray Deposition

The construction and characterization of a setup for electrospray deposition (ESD)
of nonvolatile compounds in ultra-high vacuum has been a key aspect of this work.
The setup was specifically designed for the preparation of samples that are suited
for STM and STS measurements, but it is also capable of growing films that can be
investigated by means of bulk sensitive methods. The demands on the preparation
are quite different in both cases: STM studies require a fine control over the surface
coverage with typical values ranging from a few hundred molecules per µm2 up to a
complete monolayer. They need to be performed on samples of high purity in order
to assure an adequate stability of the tunneling contact, which presupposes that
sample preparation takes place in situ. Furthermore, the deposition method should
not restrict the choice of substrate, in order to ensure that the molecule-substrate
interaction can be adjusted with the greatest possible flexibility. In contrast, a certain
amount of impurities can be tolerated in film samples, provided that the method
of investigation is not sensitive to them. However, film thicknesses in the range
of some tens of nanometers up to several micrometers are often required to achieve
sufficient signal strength, which demands for high beam intensities in order to achieve
reasonable deposition times.

Figure 6.1 schematically shows the concept of the ESD setup. The construction
is based on the commercially available ‘UHV4’ system from Molecularspray Ltd.
It features a compact design, allowing for a direct attachment of the system to
one of the available UHV setups via a standard CF40 flange. In order to improve
performance, reproducibility and ease of operation, parts of the original UHV4 setup
were extended, modified or even redesigned from scratch. In the following, the design
and performance of the setup will be described in detail.
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Figure 6.1 | Schematic diagram of the electrospray deposition setup. Values of the
pressures p1 – p5 are given in the text.

6.1 Design of the Setup Components

6.1.1 The Electrospray Ion Source

The electrospray source used for ion generation is depicted in Figure 6.2. Sample
solutions enter the source through a stainless-steel emitter needle (Metal Taper-
Tip, inner diameter (i.d.) 100µm, New Objective Inc.) at a flow rate of typically
1.5µl/min. Constant and reproducible flow rates are achieved by using a syringe
pump (Legato 180, KD Scientific Inc.). The exact position of the emitter needle can
be adjusted by means an XYZ-manipulator. During operation, the emitter is placed
at a distance of 2–3 mm from the vacuum entrance capillary, which is forming the
interface between the electrospray ion source and the vacuum system.

The reference potential of the emitter needle apex can be adapted by an at-
mospheric pressure electrode (APE) which is surrounding the emitter. In order to
generate an electrospray plume, a voltage of around 1–3 kV with respect to the APE
is applied to the emitter needle via a metal pin that is immersed into the sample
solution. Increasing the voltage applied to the APE results in a focusing of the elec-
trospray plume onto the vacuum inlet, which is increasing the ion beam intensity.
A review of the APE performance is given in section 6.2.1. The vacuum entrance
capillary is in electrical contact to the vacuum chamber and therefore at ground
potential.

Desolvation of the generated droplets can be supported by heating the entrance
capillary up to a temperature of 150 ◦C. For this purpose, a 65 W coil heater is
wrapped around the capillary mounting, which is thermally decoupled from the
vacuum chamber by a PEEK spacer. In addition, the electrospray plume can be
exposed to a counter-flow of hot nitrogen gas (max. 130 ◦C). Typical counter-gas
flow rates for stable spray operation are of the order of 2 l/min.
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Figure 6.2 | Sectional drawing of the electrospray ion source and the first two
differential pumping stations: (1) Connection to syringe, (2) plug for emitter needle
voltage, (3) emitter needle, (4) XYZ manipulator, (5) APE, (6) electrical insulation
of APE, (7) plug for APE voltage, (8) microscope mounting, (9) opening for light
source, (10) inlet for counter gas flow, (11) vacuum entrance capillary, (12) capillary
heater, (13) plug for capillary heater voltage, (14) thermal insulation of capillary
heater, (15) connection to vacuum pumps, (16) skimmer, (17) electrical insulation of
skimmer, (18) electrical feedthrough for skimmer current, (19) connection to Pirani
gauges.

Optical control of the electrospray plume during operation is achieved by illu-
minating the spray region with a light source and using a video camera equipped
microscope (SKS 25x, Peak Optics) for observation. A free line of sight to the spray
region is realized by openings in the sidewall of the APE. Indirect light which is
reflected from the inner surface of the APE can significantly hamper the spray mon-
itoring, as it leads to a considerable background brightness in the microscope image.
The stainless-steel surface of the APE was therefore treated by a bluing process,
resulting in high light absorption while retaining high electrical conductivity and
high resistance against the solvents used in the electrospray process.

6.1.2 The Differential Pumping System

In order to maintain a ratio of 11–12 orders of magnitude in pressure between the
electrospray ion source and the UHV chamber, a differential pumping system com-
prising four separate stages is used. The geometry of the first three pumping stages
is adopted from the original UHV4 setup.

A 12 m3/h rotary vane pump (RV12, Edwards) evacuates the first chamber to a
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pressure of p1 = 1.3 mbar, overcoming the 4 mbar l/s leak rate through the entrance
capillary (5 cm length, 0.25 mm i.d., stainless-steel). The same rotary vane pump
is used to back a 10 l/s turbo pump1 (HiPace 10, Pfeiffer) which is attached to
the second pumping stage. Separation between the first two stages is realized by
an electroformed skimmer (0.4 mm i.d.), which is placed at a distance of 13 mm
from the entrance capillary, resulting in a pressure within the second stage of p2 =
4× 10−2 mbar. Since gas dynamics at this pressure are still within the viscous flow
regime, a second skimmer with larger opening (0.6 mm i.d.) is placed between the
second and third stage.

The third and fourth chamber are both pumped by 67 l/s turbo pumps (HiPace
80, Pfeiffer). No direct measurement of the pressure is performed in these stages.
However, according to the manufacturer of the UHV4 system, the pressure in the
third chamber is of the order of p3 ≈ 1× 10−5 mbar, meaning that gas dynamics in
the third and fourth chamber are described by free molecular flow. Simple apertures
with 1.5 and 2.5 mm i.d. are therefore used to separate the third stage from the
fourth one and the fourth stage from the UHV chamber, respectively.

The differential pumping system is separated from the UHV chamber by a gate
valve. In order to reduce vibrations during STM measurements, all pumps are
stopped and the differential pumping system is vented after sample preparation.
No bakeout of the differential pumping system is performed in advance of a prepa-
ration. With the gate valve opened but in absence of an electrospray, the pressure in
the UHV chamber is p5 ∼ 4×10−9 mbar. During the deposition process, the pressure
is rising to p5 ∼ 8× 10−9 mbar with the additional pressure being caused by solvent
molecules.

A careful alignment of all skimmers and apertures is crucial to achieve high
deposition rates. The backlash of the CF flanges which are separating the pumping
stages can be used to adjust the position of each orifice. A laser is utilized to ensure
that all openings are centered on a straight line. Practice has shown that good results
can only be achieved when the position of the entrance capillary is included into the
adjustment procedure.

6.1.3 Sample Holders

Depending on the desired coverage, sample holders at different stages of the setup
can be utilized for deposition.

Preparation of (sub)monolayers is carried out with the sample being placed inside
the UHV chamber. The available UHV setups were equipped with sample holders
that comprise an aperture of 4 mm diameter in front of the sample (Figure 6.3). Both
sample and aperture are electrically insulated from ground and contacted separately

1Alternatively, evacuation of the second pumping stage can be performed by a two stage rotary
vane pump with a pumping speed of around 10 m3/h.
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Figure 6.3 | Schematic drawing and cross section of the UHV sample holder used
for electrospray deposition in the VT-STM setup. A similar sample holder is im-
plemented in the preparation chamber of the Cryogenic STM. Sample and sample
plate are omitted in the cross section.

by shielded coaxial cables. This allows for a direct measurement of the sample current
without distorting contributions from ions that are hitting the sample plate.

In order to allow for an adjustment of the sample position with respect to the ion
beam, the UHV sample holder is mounted on a manipulator. Optimization of the
sample position is performed by maximizing the sample current. As an alternative,
replacing the entrance capillary by a viewport and determining the sample position
with the help of a laser was found to be highly reliable.

Film samples can be grown by placing the substrate in front of the skimmer inside
of the first differential pumping stage. In order to achieve higher deposition rates,
the entrance capillary is then replaced by a capillary with 0.5 mm i.d., resulting in
a rise in pressure to p1 ≈ 3.7 mbar.

Alternatively, the substrate can be placed directly in front of the electrospray
emitter tip at ambient conditions. By moving the emitter tip along a raster pattern
parallel to the substrate, the deposited material can be spread over a large area.
Furthermore, deposition at ambient conditions yields higher grow rates, which is
achieved, however, at the expense of a reduced droplet desolvation. For the prepara-
tion of the film samples presented in this thesis, both low vacuum and atmospheric
pressure deposition was applied.

6.1.4 Current Measurement

During operation of the electrospray source, currents can be measured on various
electrodes for different purposes. While some electrodes are permanently monitored
during deposition, others are only used for alignment and cleaning of the differential
pumping system.

The total current Ispray that is carried by the charged droplets of the electrospray
plume is determined by measuring the voltage drop across a shunt Rs that is placed
in series between the HV power supply and the electrospray emitter tip. Considering
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Electrode Chamber Typical Current
Emitter needle Air 10–100 nA
LV sample holder 1st stage 5–30 nA∗
First skimmer 1st stage 0.2–2 nA
Second skimmer 2nd stage 0.1–1 nA
First aperture 3rd stage 50–400 pA
Second aperture 4th stage 10–150 pA
Current detector Behind 4th stage 10–150 pA
UHV sample holder UHV chamber 10–150 pA

Table 6.1 | Typical electrode currents observed in the ESD setup. Exact current
values generally depend on several factors, including the solution used for the elec-
trospray process, the adjustment of the skimmers and apertures and the amount
of contaminations present on the skimmer surfaces. ∗Value refers to 0.5 mm i.d.
entrance capillary.

that emitter voltages are usually in the range of 1–3 kV and that total spray currents
rarely exceed 100 nA, the shunt was chosen to have a resistance of Rs = 100 kΩ. The
voltage readout is opto-coupled to an AD-converter and transferred to a PC via USB
interface, where it is converted to the corresponding current value by a LabVIEW
program.

Currents on vacuum electrodes are measured with a Keithley 6517A electrometer
that is capable of detecting signals down to the sub-pA range. Besides the sample and
the aperture of the UHV sample holder, all skimmers and apertures of the differential
pumping system are electrically insulated from ground, allowing for a determination
of the ion loss in each individual pumping stage. Furthermore, a plate connected to
a linear translator that can be moved into the ion beam enables an estimation of
the sample current in advance of a deposition, i.e. with the gate valve to the UHV
chamber being closed (see Figure 6.1). Typical current values for all electrodes are
summarized in Table 6.1.

6.2 Setup Performance and Ion Beam Characterization

6.2.1 Performance of the Atmospheric Pressure Electrode

The efficiency of ESD and ESI-MS is generally hampered by ion losses appearing at
the interface between the atmospheric pressure region and the vacuum system. As
it can be seen from Table 6.1, in case of the setup used in this work, only around
1 % of the total current created by the electrospray ion source is transmitted into
the first differential pumping stage. In principle, ion transmission into the vacuum
system can be improved by using large entrance openings. This, however, places high
demands on the pumping speed of the system, which not only is a cost issue, but
also is in contradiction to the requirement of a compact setup design we are facing
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Figure 6.4 | Optimized geom-
etry of the atmospheric pressure
electrode. Equipotential lines
were calculated with SIMION
8.0. APE and emitter needle po-
tentials are stated in the figure.
The separation between adjacent
equipotential lines is 100 V.

here2.
Since the current transmitted into the vacuum system depends on both the gas

throughput and the charge density, another approach to increase sampling efficiency
is to focus the charge cloud generated by the electrospray ion source on the vacuum
system opening. Two different possibilities are available for doing so: On the one
hand, enhanced ion intensities can be achieved when ion motion is influenced by
atmospheric pressure electrodes (APEs) [68, 128, 129]. On the other hand, ion fo-
cusing at atmospheric pressure can also be realized by utilizing gas flow, which was
successfully demonstrated by the use of Venturi devices [130,131]. In the setup used
here, an atmospheric pressure electrode (APE) was integrated into the electrospray
ion source.

Design Issues

Optimization of the electrode geometry was carried out by simulating the electric
field within the ion source for different electrode configurations. SIMION 8.0 from
Scientific Instrument Services (Ringoes, USA) was utilized for the calculations. The
optimized result is shown in Figure 6.4, together with a set of equipotential lines
calculated for typical APE and electrospray emitter voltages.

The effect of the electrode on the motion of charged particles was simulated
within SIMION by using the atmospheric pressure extension of Appelhans and Dahl
[132]. However, such simulations cannot take into account the spatially dependent
distribution of particle sizes in the electrospray plume and are therefore only of
qualitative nature. Regardless of this shortcoming, the focusing effect of the electrode
can be estimated based on the convex form of the equipotential lines around the
vacuum entrance capillary, which is clearly visible in Figure 6.4. The conical shape
of the APE has almost no influence on the shape of the equipotential lines in this
region, but is simplifying the optical control of the electrospray plume.

2Note that a pump with pumping speed S that is connected to a vacuum system via a con-
ductance C generates an effective volume flow Seff which is given by 1/Seff = 1/S + 1/C. High
pumping speeds therefore require a high conductance between pump and vacuum system, i.e. large
dimensions of the vacuum chamber.
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Figure 6.5 | Performance of the atmospheric pressure electrode. (a) Photographs
of the electrospray plume for different APE voltages. (b) Measurement of the ion
current transmitted through the entrance capillary as a function of APE potential.

APE Performance

In order to test the performance of the APE, measurements were carried out on
a 5 × 10−4 M solution of NaCl in a mixture of water and methanol (volume ratio
1:1). The position of the emitter needle was optimized for zero APE voltage and
subsequently kept constant during the measurement. Steady ionization conditions
at the emitter apex were ensured by adapting the emitter voltage according to the
APE potential with a fixed difference between emitter and APE of 1.55 kV. All
measurements were performed in a 2.5 l/min counter flow of N2 gas.

Figure 6.5a shows a series of photographs of the electrospray plume taken at
different APE potentials in the range of 0 to 1.5 kV. The apparent divergence of
the charge cloud on its way from the emitter to the entrance capillary is caused by
Coulomb repulsion. Clearly, the cross section of the spray plume becomes smaller
with increasing APE potential, demonstrating the APE’s focusing capability. The
impact of this effect on the transmission of ions from atmospheric pressure to vacuum
was evaluated by summing up the currents over all vacuum electrodes, yielding
an estimate of the total current transmitted into the vacuum system. Figure 6.5b
shows the transmitted current as a function of APE potential. By increasing the
voltage applied to the APE from 0 to 1.5 kV, the current conducted through the
entrance capillary is rising from 0.38(4) to 1.41(2) nA, resulting in an almost fourfold
enhancement in ion beam intensity. Taking into account that a value of Ispray =
53 nA was simultaneously measured for the total spray current, this corresponds to
an increase of ion transmission through the capillary from 0.71(7) to 2.67(4) %.
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Limitations Imposed by Ion Losses in the Entrance Capillary

A significant enhancement in ion transmission via focusing at atmospheric pressure
cannot be achieved in every case. Practical application of the APE has shown that
the impact on ion transmission can strongly vary, depending on the properties of
the analyte solution and the operational parameters of the electrospray ion source.
Generally, a decrease of APE efficiency is observed for large ion currents. The effect
of the APE potential on the transmission becomes negligible, when the current
transmitted into the vacuum system is of the order or greater than 3 nA.

The current dependence of the APE efficiency can be explained by considering
the mechanism of ion transport through the entrance capillary. Ion loss to the walls
is generally caused by diffusion and space-charge expansion, the latter one being the
dominant process in the initial segment of the capillary, where the charge density is
the highest. As stated by Lin and Sunner [133], the space-charge driven development
of the charge density ρ(t) of an ion cloud generated by electrospray ionization is given
by the unipolar formula

1
ρ(t) = 1

ρ(0) + κ

ε
t, (6.1)

where t is the time, κ is the ion mobility and ε is the electric permittivity. The time
zero can be arbitrarily chosen and is here referring to the time when the charge
cloud enters the capillary. Focusing of the ions on the capillary entrance results in
an increase in the initial charge density ρ(0). However, according to (6.1), the charge
density becomes independent of its initial value in the limit ρ(0)→∞, meaning that
ion losses in the capillary impose a limit to the transmission improvement achievable
by ion focusing at atmospheric pressure.

6.2.2 Ion Energy Distribution

The kinetic energy of particles in the ion beam is determined by the supersonic
expansion inside the first vacuum chamber. In good approximation, the velocity
that is reached by the expansion is equal to the theoretical maximum v∞, which is
given by equation (2.5). As already pointed out in chapter 2.1.3, the value of v∞
depends on the properties of the carrier gas alone, meaning that the velocity is the
same for all particles. The energy of a particle is therefore proportional to its mass
M and the distribution of kinetic energies directly reflects the mass spectrum of the
ion beam. Indeed, the idea that ESI-MS can be performed by a simple measurement
of kinetic particle energies was already utilized in the pioneering work of Dole et al.
in 1968 [39].
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Figure 6.6 | (a) Schematic diagram of the constructed retarding field energy an-
alyzer. (b) Idealized shape of the electrostatic potential V (x) along the analyzer
axis. (c) Ion transmission as a function of the retarding potential Vret, measured on
a NaCl solution. Vasc was set to a constant value of −100 V. The inset shows the low
energy region in more detail.

Energy Analyzer Setup

Measurements of the energy distribution were carried out with a retarding field
energy analyzer3 that was positioned behind the last aperture of the differential
pumping system. Figure 6.6a shows the schematic construction of the device. A
retarding potential Vret is applied to an electrode placed in between a charge collector
and an I0 grid. The ratio of the currents Ic/I0 measured on the collector and on the
grid gives the fraction of ions whose energy E > zeVret is sufficient to overcome the
retarding field, with ze being the ion charge. In order to prevent a falsification of I0

by low energy ions reflected from the retarding potential plate, a grounded shield
is introduced directly behind the I0 grid. Furthermore, a fourth electrode lying on
a constant negative potential Vasc is placed in between the retarding electrode and
the collector. The function of this electrode is to reject secondary electrons emitted
from the collector which otherwise would cause an increase of the ratio Ic/I0 with
increasing Vret

4.

Sodium Chloride Solution

As a test bed, ionization was performed from a solution of NaCl with identical solvent
and NaCl concentration as in section 6.2.1. Figure 6.6c shows a measurement of the

3Technical aspects of retarding field energy analyzers are reviewed in [134].
4An alternative to the implementation of a fourth electrode is to use a Faraday cup as current

collector.
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z = 1 z = 2
n M [u] E/z [eV] n M [u] E/z [eV]
0 22.99 0.074 11 688.82 1.112
1 81.43 0.263 12 747.26 1.206
2 139.87 0.452 13 805.70 1.301
3 198.31 0.640 14 864.14 1.395
4 256.75 0.829 15 922.58 1.489
5 315.19 1.018 16 981.02 1.584

Table 6.2 |MassM and expected kinetic energy E of NaCl clusters [Naz(NaCl)n]z+.

energy distribution up to a maximum retarding potential of Vret = 1 kV. In the range
Vret . 100 V, the ratio Ic/I0 continuously decreases to around 98 % of its starting
value. A further increase of the retarding potential up to the maximum value has no
significant effect on the transmitted current anymore. Similar results were achieved
with solutions of other materials.

The result of the measurement is surprising at first sight. Solutions of NaCl
are known to form singly and multiply charged clusters of formula [Naz(NaCl)n]z+

(z = 1, 2, . . . ) in electrospray ionization [135–137]. Possible cluster sizes n depend
on the charge number z, with values of n ≥ 0 observed for z = 1 and n ≥ 11
for z = 2. Discrete steps are expected to appear in the measurement at retarding
voltages Vret = E/ze, where E = 1

2Mv2
∞ depends on the cluster mass M = (n +

z)M(Na+) + nM(Cl−). According to (2.5), the value of the terminal velocity is
calculated to be v∞ = 789.3 m/s. Table 6.2 summarizes the step positions that are
expected for the smallest singly and doubly charged NaCl clusters.

Notably, energy per charge ratios of typical cluster sizes are of the order of
1 eV. This is in clear contradiction to the observation that the current ratio Ic/I0 is
almost unaffected by the retarding potential up to values of Vret = 1 kV. In fact, the
measurement shows that the ion beam is mainly composed of particles with mass-
to-charge ratios far greater than what is expected for ionized clusters or molecules.
The only type of particle that comes into consideration for this mass-to-charge range
are charged droplets arising from incomplete desolvation.

It is interesting to estimate a lower limit of the droplet size from the maximum
retarding voltage used in the measurement. In general, the charge Q carried by
a droplet must be smaller than the Rayleigh limit (2.3). Therefore, it can be cal-
culated that the fraction of around 98 % of the ion current with energy-to-charge
ratios above 1 kV must be carried by droplets with diameters greater than around
90 nm. Assuming typical analyte concentration of 10−5–10−4 M, this corresponds to
a number of around 2–20 analyte units that are at least solved in a single droplet.
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The Role of Collisions with the Background Gas

Although it is clear that not every droplet created in the electrospray ion source
is completely desolvated, the predominant abundance of droplets in the ion beam
seems to be unexpected. The observation that only a small fraction of the ion current
is carried by gas phase ions can be explained by a discrimination of small particles
during the transition from ambient conditions to ultra high vacuum. Several reasons
are responsible for this discrimination. First, the opening of the skimmer in the first
pumping stage is not located inside the region of free supersonic expansion. Accord-
ing to equation (2.4), the length of the free expansion zone up to the Mach disk is
xM = 4.6 mm, which is several times smaller than the distance of 13 mm between
skimmer and entrance capillary. Therefore, ions undergo heavy collisions with the
background gas before they can enter the second pumping stage. Furthermore, the
pressure in the second pumping stage is still within the vicious flow regime, meaning
that collisions with the background gas also play a crucial role in this part.

The impact that collisions have on the particle motion can be estimated by means
of kinetic gas theory. We consider a beam of ions with mass M , radius R and initial
energy E0 = 1

2Mv2
∞, moving in a background gas of particles with massm and radius

r. Density and thermal motion of the gas are characterized by its temperature T
and pressure p. In order to simplify the calculation, collisions between the ion beam
and the background gas are described on the assumption that the background gas
is at rest5. The mean free path, defined as the average distance an ion can travel
between two successive collisions, is then given by

λ = (nσ)−1. (6.2)

Here, n = p
kBT

is the number of gas particles per unit volume and σ = π(r2 +R2) is
the collision cross section of the hard sphere model.

Calculating the change in ion energy that is caused by a collision is not possible
without knowledge of the exact collision parameters. It is therefore useful to calculate
the maximum ratio of the ion energy before (E1) and after (E2) a collision, which
is given by the kinematic factor [54]

κ = E2
E1

= 1− m

m+M
. (6.3)

After k collisions, the energy of the ion is reduced to a value greater than E(k) =
E0κ

k. When the kinetic energy becomes smaller than the average energy stored in
the thermal movement of a single particle, i.e. E(k) ≤ 3

2kBT , the motion of the
particle is considered to be transformed from directed flow to random movement.

5Note that this is a rough approximation, considering that the average velocity v =
√

8kBT/πm
of nitrogen at room temperature is 476 m/s, which is only around a factor of 2 smaller than v∞.
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(a) (b)

Figure 6.7 | Ion beam profile. (a) Current on the aperture plate of the UHV
sample holder IH as a function of the sample holder position z. (b) Derivative of
the curve in (a). The solid line is a fit to the data, taking a convolution between a
rectangular profile and a Gaussian as model function.

The number of collisions that is at least required to reach this limit is given by

k = logκ
3kBT

2E0
. (6.4)

To illustrate the meaning of equations (6.2) – (6.4), we consider an ion of mass
M = 1000u and radius R = 1 nm. Taking N2 as background gas, the mean free
path in the first pumping stage is around 9µm, while it takes ca. 160 collisions
before the directed motion of the ion is stopped. Most likely, the ion will not be
able to pass the first differential pumping stage. The situation, however, becomes
different for heavy particles, since the initial ion energy E0 ∝ R3 grows faster than
the number of collisions λ−1 ∝ R2. A droplet of 90 nm diameter, for example, will
undergo around 2 × 106 collisions in the first two pumping stages, while it takes
more than 108 collisions to reduce its energy below the thermal limit.

The observation that molecules are deposited from sub-µm sized droplets rather
than as gas phase ions can have important implications on the growth behavior,
as will be seen in the later course of this work. Furthermore, it should be noted
that charged droplets are not considered as ions, according to the exact definition of
the term. The deposition method used here is therefore referred to as electrospray
deposition (ESD) and should not be confused with the term electrospray ion beam
deposition (ESIBD), which is used for deposition of real gas phase ions [54]. However,
for the sake of simplicity, the beam created by the ESD setup is denoted as ion beam
in this thesis.

6.2.3 Deposition Spot Profile

The diameter of the deposition spot was measured by driving the edge of the aperture
plate of the UHV sample holder across the profile of the ion beam and simultaneously
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measuring the current on the plate IH as a function of the position z. In order
compensate for fluctuations of the ion beam intensity, the signal is normalized to
the current on the second aperture IA2. The result of the measurement is shown in
Figure 6.7a.

The spatial dependence of the ion beam intensity can be extracted from the
measurement by calculating the derivative d

dz (IH/IA2). The corresponding curve
exhibits a surprisingly flat profile with a FWHM of around 3.6 mm (Figure 6.7b).
Taking into account the distance between UHV sample holder and second aperture,
the opening angle of the beam is calculated to be 0.4◦.
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Substrates for deposition were prepared by means of standard UHV techniques.
Unless otherwise stated, the preparation was performed at one of the UHV set-
ups described in chapter 5.1. Cut and polished single crystals were purchased from
Mateck GmbH (Jülich, Germany) or SPL (Zaandam, Netherlands). All crystals were
mounted on molybdenum or tungsten sample holders.

7.1 Single Crystal Noble Metal Surfaces: Au(111), Ag(111) and
Cu(111)

The (111) surfaces of Au, Ag and Cu can be considered as standard substrates for
the investigation of atomic and molecular assemblies. They were widely used within
this thesis as supports for ESD and wet chemical preparation procedures.

Preparation

Cleaning of the crystal surfaces was performed by repeated cycles of Ar+ sputtering
(Ag: 800 eV, Au & Cu: 1000–1500 eV) and subsequent annealing to high temperature
(Ag: 550 ◦C, Au & Cu: 600 ◦C). The surface quality was occasionally checked by
means of STM and XPS measurements.

The Au(111) Surface Reconstruction

Gold is the only fcc metal that exhibits a reconstruction of the close-packed (111)
surface [138–140]. As the topmost atomic layer is contracted along the [110] di-
rections, periodic transitions between regions of fcc and hcp stacking occur with a
periodicity of 22 bulk atomic distances. The corresponding height variation is visi-
ble in STM topographic images as characteristic lines propagating along the [112]
directions, which are often referred to as herringbone structure (see Figure 7.1a,b).
Typical STM corrugations are in the range of 10–20 pm. At the boundary between
domains of different (crystallographically equivalent) contraction orientations, so
called elbow sites are formed, which provide nucleation centers for the growth of
atomic and molecular adsorbates.
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Figure 7.1 | STM and STS measurements on Au(111). (a) Large scale
image showing the herringbone pattern of the surface reconstruction. (b) Close up
image with atomic resolution. Regions with fcc and hcp stacking and crystallographic
orientations are indicated. The white rectangle marks the (22×

√
3) reconstruction

unit cell. (c) STS spectra recorded on fcc and hcp sites of the surface reconstruction.
Scanning parameters: (a) V = 0.1 V, I = 950 pA, T = 15.8 K, (b) V = 0.1 V,
I = 3.2 nA, T = 10.0 K. Parameters for spectroscopy: Vs = 200 mV, Is = 3 nA,
Vmod = 10 mV.

Surface States

The electronic density of states of all three substrates comprises a surface state in
the vicinity of EF, which is reflected in STS measurements as a step-like increase
in differential conductivity. Since the onset energies of the surface states are well
known [141–143], they can be used as a spectroscopic reference when performing STS
measurements on not yet characterized adsorbates. Figure 7.1c shows the appearance
of the surface state in an STS measurement on Au(111). In accordance with the
literature, the surface state band edge is located at around −0.5 eV, coinciding with
the minimum energy of the parabolic surface state dispersion. As first reported by
Crommie et al. [141], a slight difference in spectroscopic shape is observed between
measurements performed on fcc and hcp sites of the Au(111) surface reconstruction.

7.2 NaCl(100) on Au(111)

Ultrathin insulating layers on metallic substrates facilitate the investigation of asor-
bates on insulator surfaces with scanning tunneling microscopy. A possible approach
is to use multi-layered NaCl islands, which have been successfully grown on a variety
of different crystalline metal surfaces [144–151].

Preparation

Preparation of NaCl on Au(111) was performed by thermal sublimation of a NaCl
single crystal at around 500 ◦C. The substrate was kept at room temperature during
the deposition process. Before each preparation, the temperature of the evaporator
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Figure 7.2 | STM measurement of NaCl(100) on Au(111). (a) Large scale
image of several NaCl islands. Numbers indicate the amount of layers. (b) Close up
image showing the atomically resolved NaCl lattice superimposed to the Au(111)
herringbone reconstruction. Green and red circles indicate the positions of Cl– and
Na+ ions, respectively. A point defect of the NaCl lattice is visible in the upper part
(arrow). (c) Height profile along the dashed line in (a). Scanning parameters: (a)
V = −2.5 V, I = 10 pA, room temperature, (b) V = −2 V, I = 150 pA, T = 7.5 K.

was fine adjusted using a quartz crystal microbalance to achieve deposition rates in
the range of 1–2Å/min. Typical coverages are between 2 and 4Å.

Properties

NaCl on Au(111) grows epitaxially as islands with (100) orientation [144,145]. The
first plateau is formed by an atomic double layer – single layered islands are not
observed. Further layers start growing before the first double layer is completed.

An STM image of NaCl islands comprising up to 5 layers is shown in Figure
7.2a. The first NaCl double layer forms straight edges in 90◦ angles to each other.
Edges of higher layers exhibit an increased roughness.

The apparent height of NaCl in STM is generally smaller than the physical
height, owing to the insulating nature of the material. Bulk NaCl crystallizes in
fcc structure with a lattice constant of 564 pm [144], corresponding to the physical
height of two atomic layers. As it can be seen in Figure 7.2c, the apparent height of
the first double layer of around 350 pm is already well below this value. Furthermore,
the apparent height of each additional layer is successively reduced, making STM
measurements on multi-layered islands increasingly difficult. For the comparable
system NaCl(100)/Cu(111), it was reported that tunneling is possible through up to
five layers of NaCl, provided that tunneling currents of only a few pA are used [152].
It should be noted that the apparent height of the first double layer, while being
smaller than the physical height of two layers, is still larger than the physical height
of a single layer. This verifies that the first plateau of NaCl on Au(111) is indeed
formed by more than one atomic layer.

An atomically resolved STM image of NaCl is shown in Figure 7.2b. The atomic
corrugation exhibits a square lattice with a lattice constant of around 400 pm, super-
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imposed to the Au(111) surface reconstruction. Since the periodicity coincides with
the closest separation between ions of the same species, it is concluded that only one
of the two element sublattices is imaged in STM. According to [144], protrusions in
the STM topography are attributed to Cl– anions.

7.3 Graphene on Ir(111)

The self-limited growth of two dimensional materials on catalytic surfaces offers an-
other possibility to decouple adsorbates from the impact of the metallic substrate.
Graphene, a monatomic layer of carbon atoms arranged in a honeycomb lattice, is
probably the most prominent example of such a system. Using low pressure chem-
ical vapor deposition (CVD), high quality epitaxial graphene can be grown on the
surfaces of various transition metals, including Ni, Cu, Pt, Ir, Rh and Ru [153]. The
procedure applied during the CVD process is the following: While the substrate is
kept at high temperature, it is exposed to an atmosphere of a carbonic precursor.
After catalytic decomposition of the precursor molecules on the hot metal surface,
the graphene layer is formed from small building blocks, which in turn are composed
of precursor fragments. Since the catalytic effect of the substrate is passivated once
it is completely covered, the process stops abruptly after the first layer is formed.

Preparation

Cleaning of the Ir(111) substrate was performed by repeated cycles of Ar+ sputtering
(2 kV), heating in O2 atmosphere (5× 10−7 mbar, 850–1150 ◦C) and flash annealing
in UHV (1600 ◦C). Subsequently, graphene was prepared by keeping the substrate
at a temperature of 1230–1270 ◦C while exposing it to an ethylene pressure of 1 ×
10−7 mbar for 20 min.

Properties

Graphene on Ir(111) most often grows in the so called R0 phase, corresponding to
a parallel alignment between the C zigzag directions and the crystallographic 〈110〉
orientations of Ir. Based on a graphene lattice constant of 2.46Å and an Ir(111)
nearest-neighbor distance of 2.715Å [154], the lattice mismatch of the graphene
layer with respect to the substrate is around 9.4 %. The superposition of both lattices
gives rise to an incommensurate moiré superstructure with a periodicity of around
2.53 nm [154, 155]. Sites of high local symmetry in the moiré unit cell are denoted
here referring to the center positions of the carbon hexagons. Configurations in which
the hexagon centers are placed on top of an Ir atom of the first, second or third layer
are therefore referred to as atop, hcp and fcc, respectively. As an illustration, Figure
7.3 shows the moiré unit cell of the closest matching commensurate superstructure,
which spans (10× 10) C rings placed on (9× 9) Ir atoms.
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Figure 7.3 | Structure model of a commensurate moiré superstructure formed by
(10×10) graphene unit cells on a (9×9) Ir(111) slab. The moiré unit cell and several
high symmetry sites are highlighted.
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Figure 7.4 | Graphene on Ir(111). (a) LEED pattern measured at 75 eV. (b)
Large scale STM image of the moiré superstructure. The graphene layer expands
over Ir step edges in a carpet-like manner. (c) Atomically resolved STM image
with dark-atop contrast. The moiré unit cell and high symmetry sites are indicated
according to Figure 7.3. Scanning parameters: (a) V = 42 mV, I = 16 nA, (b)
V = 13 mV, I = 21 nA, both at room temperature. STM data acquisition performed
by A. Zusan.

LEED measurements were routinely performed after graphene/Ir(111) prepara-
tion in order to verify the sample quality. An example of a LEED pattern is shown
Figure 7.4a. Outer and inner first order spots are attributed to the graphene hon-
eycomb lattice and the Ir substrate, respectively, based on the values of their real
space lattice constants. The first order C spots are surrounded by satellite spots
which reflect the long-range periodicity of the moiré superstructure. Additional sets
of first order C spots which are rotated with respect to the Ir spots and which are
considerably weaker in intensity were occasionally observed for some of the samples,
indicating that rotated graphene domains are present on the sample besides the
most abundant R0 phase. However, such rotated domains occur so rarely that they
were never observed in STM images.
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The continuous shift of the C atoms with respect to the substrate results in a
variation of binding energies over the moiré unit cell and therefore in a topographic
buckling of the graphene layer. Density functional theory (DFT) calculations indicate
that the separation between graphene and Ir is the highest on atop sites and the
lowest in the hcp regions. The real topographic corrugation predicted by DFT is
0.35Å [156]. STM images of the moiré superstructure generally give no realistic
measure of the topographic corrugation, since they also reflect electronic variations
within the moiré unit cell. Most often, atop regions are imaged as dark depressions
in STM topography (see Figure 7.4b,c). Spontaneous inversions of the contrast can
be observed, depending on the bias voltage and the tip state [84].

7.4 Hexagonal Boron Nitride on Rh(111)

A single layer of hexagonal boron nitride (h-BN) is an isoelectronic structure ana-
logue to graphene, consisting of equal numbers of boron and nitrogen atoms. In
contrast to freestanding graphene which behaves as a zero bandgap semiconduc-
tor, BN polymorphs including h-BN are wide-bandgap electric insulators. In recent
years, an increasing interest in single layer h-BN on metal surfaces, in particular on
Rh(111), emerged because of its ability to act as a nano-template for the growth of
atoms [157,158], clusters [159] and molecules [157,160–163].

Preparation

Preparation of h-BN/Rh(111) was performed as follows: The Rh(111) substrate was
cleaned by several cycles of Ar+ sputtering (2 kV), heating in oxygen atmosphere
(5× 10−7 mbar, 650–900 ◦C) and annealing in UHV (1100 ◦C). For the formation of
the h-BN layer, the substrate was kept at 800 ◦C while it was exposed to a borazine
(B3N3H6) vapor pressure of 1 × 10−7 mbar for 26 min. The borazine precursor was
purified prior to preparation by several freeze-pump-thaw cycles.

Properties

Hexagonal boron nitride on Rh(111) forms a highly regular hexagonal superstructure
with a periodicity of around 3.2 nm, which is often referred to as nanomesh. The term
goes back to an early work which suggested a two layer model of h-BN/Rh(111), in
which the formation of each BN layer is incomplete [160]. Considering the necessarily
large number of broken B-N bonds, this model turned out to be not realistic and
consensus is reached today that h-BN forms a single, complete layer on Rh(111)
with a highly corrugated moiré pattern [164,165].

LEED measurements confirm that h-BN/Rh(111) preferably grows in R0 ori-
entation (see Figure 7.5a). The moiré superstructure is reflected by a hexagonal
pattern of satellite spots accompanying the principal substrate reflexes. Based on
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Figure 7.5 | Hexagonal boron nitride on Rh(111). (a) LEED pattern recorded
with an electron energy of 63 eV. (b) Large scale STM image of the h-BN moiré
superstructure. (c) Atomically resolved close up image. The moiré unit cell as well as
pore and wire sites are indicated. Scanning parameters: (b) V = −1.1 V, I = 500 pA,
T = 6.1 K, (c) V = 70 mV, I = 2 nA, T = 7.8 K.
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Figure 7.6 | Site resolved STS spec-
tra, recorded on pore and wire regions of
the h-BN superstructure. A wide conduc-
tion gap around EF reflects the insulat-
ing nature of the h-BN layer. Parameters:
Vs = 3 V, Is = 100 pA, Vmod = 40 mV,
T = 1.9 K.

the distances between the substrate and h-BN primary spots, a real space lattice
ratio between h-BN and the metal substrate of 12:13 is deduced, corresponding to
a moiré unit cell which contains (13× 13) h-BN units on (12× 12) Rh atoms [166].

A peculiarity of the h-BN/Rh(111) moiré pattern is the relatively abrupt tran-
sition between regions of low and high corrugation. In STM images, strongly bound
areas (‘pores’) appear as relatively flat holes of ca. 2 nm diameter, which are sep-
arated from elevated regions (‘wires’) by an almost stepwise change in height (see
Figure 7.5b). The unique structure is well reproduced by DFT calculations, which
predict a corrugation of around 0.55Å, the h-BN layer being closest to the metal
surface in regions where B and N atoms are close to fcc and atop sites, respec-
tively [164]. While atomic resolution on the wire sites is routinely achieved in STM,
no structure is usually visible inside the pore regions (see Figure 7.5c). Adjacent
atomic protrusions on the wire sites are measured to be separated by about 2.50Å.
According to DFT, only N atoms are probed by STM in the vicinity of EF [165].

An intriguing question is whether the boron nitride layer remains an electric
insulator on the Rh surface. Insight into the local electronic structure can be obtained
based on STS measurements. Spectra taken at different sites of the h-BN moiré
pattern are shown in Figure 7.6. A band gap of around 6 eV is observed on the pore
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regions, while a smaller gap of ca. 4 eV is visible in curves taken on wire sites. STS
data reported in literature [159] show slightly larger band gap values, but are in
overall good agreement with the measurement performed here.
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8 | Electrospray Deposition:
Application Examples

This chapter provides several examples of molecular compounds that were deposited
by means of ESD in the course of this thesis. The aim is to briefly demonstrate the
capabilities as well as the limitations of the ESD setup, without going into details
concerning the physical properties of the systems.

8.1 Fe-Phthalocyanine

Metal phthalocyanines (MPcs) are planar coordination complexes with a single metal
ion M, located at the center of an aromatic macrocycle that is formed by alternating
carbon and nitrogen atoms. The structure of the molecule shows a remarkable ther-
mal and chemical stability, which enables deposition of MPcs onto surfaces by means
of thermal sublimation in UHV. Since MPcs are utilized in a wide field of industrial
applications, most importantly in dyeing, they are commercially available in huge
amounts and in high purity. All these aspects – combined with a great interest in the
electronic properties of MPcs in fundamental research [167–170] – have led to a vast
amount of literature that is available on MPcs on surfaces today [171]. Therefore,
MPcs an ideal test bed for verifying the ESD setup functionality. Here, M = Fe was
chosen as central metal ion. The structure of the FePc complex is shown in Figure
8.1a.

FePc was purchased from Sigma-Aldrich as FePcCl powder (95 % purity). The
chloride salt rather than the neutral complex was used due to the generally bad
solubility of phthalocyanines in polar organic solvents. Electrospray deposition of
the compound was performed on Au(111), using a 2 × 10−5 M solution in pure
methanol.

Typical STM images of the surface after deposition are shown in Figure 8.1b,c.
Most of the molecules occur as individual objects that preferably occupy the elbow
sites of the Au(111) herringbone reconstruction. A clear intramolecular structure is
resolved in the STM topography, reflecting the fourfold symmetry of the molecule
with the four benzene rings appearing as well-separated lobes and the Fe center
appearing as a small protrusion. It is therefore be concluded that the molecules lay
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Figure 8.1 | (a)Molecular structure of FePc. (b) STM image showing the Au(111)
surface after electrospray deposition of FePc molecules. Dashed circles indicate for-
mation of multimers. (c) Magnification of the molecule marked by an arrow in (b).
Scanning parameters: V = 1 V, I = 400 pA, T = 9.8 K.

on the substrate in a flat geometry. Besides individual molecules, also formation of
dimers and trimers is observed (see Figure 8.1b).

By comparing our results to other STM studies of FePc on Au(111) [172,173], we
find that the sample quality provided by the ESD process is equal to that of thermal
sublimation. In particular, no residuals of the solvent and only small amounts of im-
purities are found in large scale STM images. The intramolecular structure resolved
in STM topography provides no evidence for molecular fragmentation. Furthermore,
the adsorption behavior of the molecules is the same as reported in [172,173]. These
findings demonstrate the high potential for an application of ESD in the field of
ultra-high vacuum scanning tunneling microscopy.

8.2 Four-Armed Polyfluorene Star Polymer

A polymer with star-like configuration [174] is among the biggest molecules that
have been deposited by means of the ESD setup so far. Figure 8.2a shows the molec-
ular structure of the complex, which is referred to as TDI-star-PF. It comprises a
terrylene diimide core with four polyfluorene arms. The average number n of fluorene
units in each arm is determined by the parameters of the polymerization process.
The measurements reported here were conducted on a complex with n ≈ 5.

Chemical synthesis of the material was performed by C. S. Fischer in the group
of Prof. Mecking (Department of Chemistry, University of Konstanz). For the elec-
trospray process, the polymer was dissolved in a mixture of dichloromethane and
methanol (volume ratio 5:2) at a concentration 3 × 10−5 M. Au(111) was used as
substrate for deposition.

STM images of the TDI-star-PF on Au(111) are depicted in Figure 8.2b,c. Iso-
lated molecules are mainly found at step edges with a part of their polyfluorene
arms oriented along the edge direction. The individual fluorene units of the arms are
clearly resolved in the STM topography. At higher coverage, networks of molecules



8.3 Triazatruxene 83

N

N

OO

OO

O

O

O

O

H

H

H

H

R
R

R
R

R
R

R R

n

n

n

n

R =

(a)

(b) (c)

40 nm 20 nm

Figure 8.2 | (a) Molecular structure of the TDI-star-PF. (b,c) STM images show-
ing the arrangement of TDI-star-PF molecules after deposition on Au(111). Scanning
parameters: V = 2 V, I = 25 pA, T = 8.1 K.

are formed in which adjacent polymers tend to align their arms parallel to each
other (Figure 8.2c). The formation of such structures demonstrates the importance
of van-der-Waals interactions between the unpolar arms of the polymers.

8.3 Triazatruxene

STM measurements on triazatruxenes were performed in the course of a current
project, aiming at the realization of different charge states of molecules on surfaces
and the control of these states on the single molecule level. Triazatruxenes (TATs)
are planar, triangular molecules that comprise three interconnected indole rings. The
TAT core is electroactive and can be easily oxidized in two reversible redox-steps,
making it a suitable candidate for the planned measurements. Furthermore, the
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Figure 8.3 | (a) Molecular structure of the investigated TAT derivative. (b) Large
scale STM image of TAT on Ag(111) at 0.3 ML coverage. Dashed circles mark the for-
mation of a trimer and pentamer. (c)Magnified view with intramolecular resolution.
Arrows indicate examples of molecules with retained and broken C3 symmetry. Data
acquisition by F. Singer. Scanning parameters: (b) V = 1 V, I = 50 pA, T = 7.8 K,
(c) V = 0.3 V, I = 300 pA, T = 7.2 K.

possibility to modify the outer phenyl rings of the structure with up to six peripheral
substitutes opens the way for synthesizing highly functionalized compounds that
incorporate the TAT core as a building block [175].

The structure of the TAT derivative used here is shown in Figure 8.3a. Chemical
systhesis was performed by M. Meier in the group of Prof. Winter (Department
of Chemistry, University of Konstanz). The complex was dissolved in a mixture of
dichloromethane and methanol (volume ratio 4:1, concentration 2 × 10−4 M) and
subsequently electrospray deposited from solution on a Ag(111) surface.

The adsorption behavior of TAT at around 0.3 ML coverage is shown in Fig-
ure 8.3b,c. Although formation of multimers is observed, most of the molecules are
present as individual objects. As can be seen from Figure 8.3b, the spatial distri-
bution of isolated molecules favors a uniform intermolecular distance, indicating a
repulsive molecule-molecule interaction. The origin of this phenomenon is not fully
understood at the current point and is still under investigation.

High resolution images of intact molecules reveal a clear intramolecular structure
with threefold rotational symmetry (Figure 8.3c). In addition, objects with reduced
symmetry are present on the surface, which are possibly explained by the occasional
loss of one or several indolic alkyl groups during the electrospray ionization process.

At higher surface coverage, the TAT molecules start to organize in self-assembled
periodic structures. The coexistence of at least three different molecular arrange-
ments was observed at a coverage of 0.7 ML. STM images of all three structure
types are shown in Figure 8.4a-d. Structure models derived from the STM images
are presented in Figure 8.4e-g. A detailed discussion of the structures is beyond
the scope of this chapter. It should be noted however that one of the structures is
described by a honeycomb lattice.
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Figure 8.4 | Molecular self-assembly of TAT on Ag(111). (a) STM image
of an area comprising three domains with different self-assembled structures. (b-d)
Detailed view of the structures corresponding to the domains 1–3, respectively. The
unit cells are marked by white parallelograms. Data acquisition by F. Singer. (e-g)
Structure models deduced from STM images. Scanning parameters: (a) V = 1 V,
I = 100 pA, T = 7.5 K, (b) V = 1 V, I = 300 pA, T = 7.5 K, (c,d) V = 0.5 V,
I = 200 pA, T = 7.5 K.

8.4 Limitations Imposed by Solvent Effects

A major advantage of ESD compared to wet chemical preparation schemes is the
relatively free choice of the substrate. Deposition procedures in which the substrate
is directly immersed into solution typically rely on a specific molecule-substrate
interaction and can therefore only be used with one particular surface. One of the
most prominent examples is the strong interaction between sulfur and gold, that is
widely used to anchor molecular compounds containing thiol groups on gold surfaces
[176]. ESD is not restricting the choice of substrate in a comparable way. However,
it should be kept in mind that the sample is exposed to the solvent during the ESD
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Figure 8.5 | Solvent effects in ESD. (a) STM image of NaCl islands on Au(111)
before the ESD process. (b) Image of the same sample after 90 min exposure to the
ESD beam. (c) Height profiles along the lines marked in (a) and (b). Scanning
parameters: V = −2.8 V, I = 10 pA, room temperature.

process, which rules out substrates that are not inert to solvent effects.
In the following, it will be shown that NaCl islands grown on Au(111) are af-

fected by ESD when methanol is part of the solution. The deposition of NaCl on
Au(111) was performed as described in section 7.2. After preparation, the quality
of the NaCl/Au(111) sample was first verified by means of STM. Subsequently, the
sample was exposed to the ESD beam over a period of 90 minutes, before the sur-
face was finally checked with STM again. In order to ensure that any effect on the
substrate is caused by the solvent alone, the electrospray source was operated with
pure methanol.

Figure 8.5 compares STM images measured before and after the ESD process.
Before exposure to the ESD beam, NaCl islands with lateral dimensions of around
50–100 nm are observed (Figure 8.5a). As already described in chapter 7.2, the first
NaCl double layer forms rectangular islands with an apparent height of ca. 350 nm.
The formation of a third layer is observed on a part of the islands. After the ESD
process, the condition of the surface is significantly changed. The lateral size of the
NaCl islands is strongly reduced to around 5–30 nm. The form of the islands clearly
deviates from their original rectangular appearance and their apparent height at
identical scanning parameters is almost halved to ca. 180 nm. In addition, the surface
roughness of both the islands and the substrate is significantly increased, rendering
the Au(111) surface reconstruction almost not visible anymore.

The exact mechanism of the changes observed after the ESD process is not
known. However, it appears likely that NaCl gets dissolved when the islands are
in contact to the methanol droplets deposited on the surface. After evaporation
of the droplets, the dissolved NaCl remains on the surface in a manner which is
unorganized compared to the epitaxial growth achieved by thermal sublimation.
The example shows that not every substrate is suited for ESD. Limitations imposed
by solvent effects generally have to be considered when deposition is performed on
highly reactive surfaces. Furthermore, in order to prevent accumulation of solvent



8.4 Limitations Imposed by Solvent Effects 87

residuals, ESD should not be carried out at sample temperatures that are below the
adsorption temperature of the solvent molecules.
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The discovery of the mixed-valence manganese complex Mn12-acetate in 1980 [9]
and the disclosure of its unique magnetic properties 13 years later [10] have set
the starting point of the field of single molecules magnets (SMMs). Although the
number of known SMM compounds has grown considerably since then, derivatives
of the Mn12 family are still in the focus of research. The great interest in this
compound originates from several aspects. First, the blocking temperature of Mn12
is among the highest in the field of SMMs. Slow relaxation of magnetization and
magnetic quantum phenomena are therefore accessible at experimentally available
temperatures. Secondly, the material can be synthesized in good yield and with
reasonable effort and expense. Purification is possible though the growth of single
crystals, which is an essential requirement for many of the performed studies. Finally,
Mn12 is stable in various solvents. Its organic ligand shell can therefore be easily
modified by wet-chemical reaction schemes, which allows to provide the molecule
with a rich variety of chemical functionalities.

While most information about Mn12 was obtained on poly- and single-crystalline
material, the prospect to implement SMMs in future spintronic applications has also
led to a large number of studies dealing with the deposition and investigation of Mn12
on surfaces. In order to bring the Mn12 molecules from bulk to substrate, a variety
of different methods was applied. In the most simple case, the substrate was dipped
into a solution of an unspecific Mn12 derivative and subsequently dried [177], or
the solution was drop- or spin cast onto the native surface [178–181]. Alternatively,
ligands with functional groups were used to chemisorb Mn12 via specific molecule-
substrate interactions. In most cases, the strong Au-S bond was utilized to anchor
sulfur containing Mn12 derivatives to gold surfaces [182–193], although a grafting
of Mn12 on silicon was demonstrated to be possible as well [194–196]. In other
studies, adaptions of the organic ligand shell were applied to tailor the adsorption
behavior of Mn12 without formation of covalent bonds. As an example, multi-cationic
Mn12 derivatives were electrostatically bound to surfaces which are functionalized by
anionic self-assembled monolayers [204–206]. Furthermore, ligands with hydrophobic
groups were used to enable a surface deposition of Mn12 via Langmuir-Blodgett
films [178, 190, 197], or to influence the wetting behavior of Mn12 in microcontact
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printing [198,199]. More recently, pulsed valve techniques [200,201] and electrospray
ionization [162,202–204] were applied, allowing for a deposition of Mn12 in ultra-high
vacuum (UHV).

Despite the great efforts that were made to deposit Mn12 on surfaces, no evidence
was ever provided that the molecules retain their magnetic bistability when being
in contact to a substrate. On the contrary, several studies report a loss of magnetic
hysteresis in Mn12 monolayers [180,190,193,196,205]. The observed change in mag-
netic behavior was attributed by the authors to the interaction of Mn12 with the
substrate. However, no systematic studies involving different surfaces were carried
out in these cases, mainly because the preparation routines used by the authors were
restricted to a deposition on gold or silicon.

Here, we report on the deposition of Mn12 on different substrates, using electro-
spray deposition (ESD) in UHV. In order to address the properties of the deposited
molecules, we combine different experimental methods, including scanning tunneling
microscopy and spectroscopy (STM/STS), X-ray photoelectron spectroscopy (XPS)
and SQUID magnetometry. While our results indicate that the molecules stay struc-
turally intact upon deposition, the electronic properties of Mn12 submonolayers on
metallic surfaces are found to be significantly changed. Using an ultrathin layer of
graphene as growth template is demonstrated to be a promising approach to elec-
tronically decouple Mn12 from the influence of the underlying substrate.

Some of the results presented in this chapter were obtained with the help of Se-
bastian Höll, Eva-Sophie Wilhelm and Nicole Barth as a part of their master the-
ses [206–208].

9.1 Introduction to the Properties of Mn12

Molecular Structure of Mn12-ac

The molecular structure of the archetypical Mn12-acetate cluster (in the following
abbreviated Mn12-ac) is shown in Figure 9.1a. The actual formula of the compound is
[Mn12O12(CH3COO)16(H2O)4] · 2CH3COOH · 4H2O. Chemical synthesis and X-ray
structure determination were first reported by Lis in 1980 [9].

The molecule has S4 symmetry and crystallizes in the tetragonal space group I4.
It comprises an inner Mn12O12 core, which is surrounded by 16 acetate and four H2O
ligands. The twelve manganese ions are arranged in an inner tetrahedron of four ions
in oxidation state +IV and an outer ring of eight ions in oxidation state +III. Each
manganese ion is bound to six oxygens in octahedral coordination. The octahedral
symmetry of the manganese(III) ions is distorted due to Jahn-Teller elongation.

The acetic acid molecules of crystallization are attached to the Mn12 cluster via
hydrogen-bonds with the acetate and water ligands [19]. Since the attribution of the



9.1 Introduction to the Properties of Mn12 91

(a) (b) 3+
Mn
(S=2)

4+
Mn
(S=3/2)

J1 J2

J3

J4

Figure 9.1 | (a) Molecular structure of Mn12-ac. Color code: C = grey, O = red,
Mn according to legend. Hydrogen atoms and solvent molecules of crystallization
are omitted for clarity. Acquisition of X-ray diffraction data by Peter Schmitt. (b)
Schematic representation of the exchange interaction between the twelve manganese
spin centers.

acetic acid molecules to the adjacent Mn12 clusters is statistically distributed, most
Mn12 clusters present in the crystal exhibit a local symmetry which is lower than
fourfold. As already discussed in chapter 1.3, this finding has important implications
for the magnetic quantum behavior.

Magnetic Properties of Mn12-ac

Temperature dependent dc susceptibility and high field magnetization studies demon-
strate a ferrimagnetic behavior with a ground spin state of S = 10 [209]. The ground
spin state is easiest explained by assuming that the spins of the inner manganese(IV)
tetrahedron are polarized antiparallel to the outer manganese(III) ring. Neutron
diffraction experiments [210] and density functional theory calculations [211, 212]
confirm this picture.

Magnetization measurements on Mn12-ac single crystals provide evidence of a
strong magnetic anisotropy with an easy axis parallel to the crystal c axis [19].
Theoretical calculations show that the main contribution to the magnetic anisotropy
comes from the Jahn-Teller distortion of the manganese(III) ions. Other effects, such
as intramolecular dipol interactions and anisotropic exchange, only play a minor
role [19]. The first order magnetic anisotropy constant was calculated from EPR
spectra to be D = −0.47 cm−1 [213], corresponding to an anisotropy barrier of
∆E = |D|S2 = 47 cm−1. Estimations of the effective barrier height from temperature
dependent relaxation time measurements yield a slightly smaller value of 44.5 cm−1

[214], due to a bypassing of the topmost spin states in the relaxation process (see
chapter 1.3).
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At temperatures below 4 K, the relaxation time of the magnetization becomes
long enough to induce an opening of a hysteresis loop [10]. Steps in the hysteresis
curve at characteristic magnetic field values indicate quantum tunneling of magne-
tization (QTM) [6, 7]. Hysteresis and QTM in Mn12-ac will be discussed in more
detail in section 9.2.

For a calculation of the complete spin spectrum of Mn12-ac, the exchange cou-
pling between all twelve manganese ions must be taken into account. Considering the
molecular symmetry, the number of different coupling constants is reduced to four
(Figure 9.1b). Even though a reliable prediction of the coupling constants is difficult
due to the high complexity of the system, consensus is reached that the values of J1

and J2 are both negative, indicating a strong antiferromagnetic exchange between
the manganese(III) and manganese(IV) ions [19].

The Mn12 Family

The stability of the Mn12 cluster in organic solvents allows for a modification of its or-
ganic ligand shell by means of solution-based chemical reaction schemes. Compounds
of general formula [Mn12O12(R1COO)16(R2OH)x] ·Y are synthesized by substituting
all 16 acetate ligands with other carboxylates, where Y denotes solvent molecules of
crystallization. Mixed-ligand derivatives can be synthesized as well via am partial
exchange of the axial and equatorial ligand sites [215]. Furthermore, variations of the
carboxylate theme by incorporation of nitrate [216], phosphinate [217] and sulfonate
ligands [218] are possible.

Notably, not every Mn12 derivative is characterized by an S = 10 ground state
[219]. The possibility to modify the organic ligand shell, however, is most interesting
with respect to the interaction of Mn12 with its surrounding, rather than because of
the change of its intrinsic magnetic properties. As already mentioned before, ligands
with additional functional groups have been extensively used to chemisorb Mn12
derivatives on different surfaces.

9.2 Synthesis and Characterization of the Mn12 Bulk Material

Two different Mn12 derivatives have been used for the deposition experiments pre-
sented in this work: Mn12-ac and Mn12-parafluorobenzoate (Mn12-pfb), the latter
one being introduced later in section 9.3. The chemical synthesis was performed by
M. Burgert and S. Ambrus in the group of Prof. U. Groth (Department of Chem-
istry, University of Konstanz) and is described in their doctoral theses [220,221]. In
the following, we present a brief characterization of the Mn12-ac bulk material, as it
was used for most of the performed measurements.
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Figure 9.2 | SQUID magnetometry of an Mn12-ac single crystal. Orientation of
the magnetic field parallel to the crystal c axis. (a) Isothermal magnetization curves
at 1.8, 2.2 and 2.6 K (field sweep rate dH/dt = 0.12 kOe/min). (b) Temperature
dependence of the magnetization in a field of 1 kOe. Both zero-field-cooled (ZFC)
and field-cooled (FC) curves are shown. Inset: Magnetic field dependence of the
blocking temperature TB as estimated from ZFC-FC curves up to H = 20 kOe.

9.2.1 SQUID Magnetometry

The DC magnetic properties of Mn12-ac have already been reported in the 1990’s
[6, 7, 10] and are well understood. SQUID measurements were therefore utilized in
the first place to verify the purity of the synthesized of Mn12-ac bulk material. The
results presented here were obtained on a single crystal with a mass of (0.8±0.1) mg,
which was glued to a plastic straw with its tetragonal axis oriented parallel to the
external magnetic field. The diamagnetic background signal of the sample holder was
corrected by subtracting a reference measurement and the diamagnetic contribution
of Mn12-ac was corrected based on an estimation of the susceptibility from Pascal’s
constants.

Figure 9.2a shows isothermal magnetization curves recorded at different temper-
atures between 1.8 and 2.6 K. Based on the weighed crystal mass, the saturation
moment per molecule is (18.6 ± 2.3)µB, which is in agreement with an S = 10
ground state. The curves plotted in Figure 9.2 were renormalized in order to match
the expected saturation moment of 20µB per molecule.

The observed shape of the hysteresis loop is typical for Mn12-ac in the regime of
thermally assisted quantum tunneling of magnetization (QTM). On the one hand,
the coercivity of Mn12-ac increases as the temperature is decreased. This behavior
can be explained by the slowdown of thermal excitation processes and is generally
observed in superparamagnetic particles. On the other hand, the hysteresis loop
comprises distinct steps at characteristic magnetic field values. Such steps are a
fingerprint of QTM at level crossings and have been first reported for Mn12-ac in
[6, 7].

According to equation (1.13), the separation of the steps in the hysteresis loop



94 Chapter 9 Mn12 Single Molecule Magnets

is proportional to the anisotropy constant D in first order approximation and is
therefore a characteristic property of the Mn12-ac compound. From the extrema
of the derivatives dM/dH of the magnetization curves, we measured an average
separation of µ0∆H = (0.44 ± 0.02) T. This value is in perfect agreement with the
value of 0.44 T reported in [6].

In addition to the magnetization curves, we performed a measurement of the
magnetic moment as a function of the temperature in constant magnetic field. Fig-
ure 9.2b shows zero-field-cooled (ZFC) and field-cooled (FC) curves obtained in the
range of 1.8–4 K. The curves were recorded by first cooling the sample in zero field
and measuring the magnetization at increasing temperature in a field of 1 kOe (ZFC)
and then measuring the magnetization in the same field at decreasing temperature
(FC). Both curves clearly diverge at low temperature, demonstrating that the mag-
netization dynamics become ‘frozen’ on the timescale of the experiment.

The blocking temperature TB can be deduced from the measurement by estimat-
ing the local maximum of the ZFC curve. The inset of Figure 9.2b shows TB as a
function of the external magnetic field H. As H increases, the values of TB oscillates
with minima appearing at multiples of around 0.44 T. This peculiar behavior reflects
the decrease in magnetic relaxation time at level crossings and is therefore another
fingerprint of thermally assisted QTM.

9.2.2 ESI Mass Spectrometry

ESI mass spectrometry not only allows to study the chemical composition of the
Mn12-ac bulk material, but also gives insight into possible fragmentation processes
that can occur during a deposition of the compound via ESD (since both procedures
rely on electrospray ionization). The mass spectra presented here were recorded from
a 1× 10−4 M solution of Mn12-ac in acetonitrile. The spectrometer was operated in
positive ion mode at a source temperature of 150 ◦C.

The result of the measurement is shown in Figure 9.3. The mass spectrum ex-
hibits five intense peaks, which are related to the cluster Mn12O12(CH3COO)16

(in the following abbreviated as M). According to the measurement, gas phase
ions from Mn12-ac in solution are most likely created by adduct formation with
Na+ ([M + Na]+, 1818.9 Th). To a smaller extend, also the K+ adduct ([M + K]+,
1835.1 Th) is observed. Alternatively, the cluster can gain a positive charge by losing
a single acetate ligand ([M−Ac]+, 1736.9 Th).

A remarkable observation is that up to two of the 16 acetate ligands are replaced
by formate (HCOO– ). The peaks of the corresponding Na+ adducts are shifted to
smaller m/z values by the respective mass of a CH2 group ([M − Ac + Fo + Na]+,
1804.9 Th and [M−2Ac+2Fo+Na]+, 1790.9 Th). Formate is a common contamina-
tion in ESI-MS, since formic acid is a widely used additive. The occurrence of these
peaks demonstrates how easily the Mn12 cluster can undergo a ligand exchange with
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Figure 9.3 | Positive ion ESI-MS spectrum of Mn12-ac from an acetonitrile solution.
Top panel: Complete mass-to-charge range. Bottom panel: Detailed view of the mass-
to-charge range that is marked by a grey background. The measured curve (black)
is compared to a simulation of the isotopic pattern of the labeled ions (red). The
peak series at ∼ 1795 Th does not match the isotope distribution of Mn12 and is
therefore probably not related to the Mn12-ac cluster.

other carboxylic acids. However, since no acid additives are used in the ESD setup,
such ligand exchange reactions are not expected to take place in the deposition
experiments.

In conclusion, ESI-MS proofs that intact Mn12 gas phase ions can be created
by means of electrospray ionization. Fragmentation of the cluster can occur via loss
of acetate ligands. While the number of absent ligands does not exceed one in the
spectra shown here, ESI-MS measurements performed on another mass spectrometer
in collaboration with S. Höll have shown that a loss of multiple ligands, associated
with a breakup of the Mn12O12 core, is possible as well [206].

9.3 Preliminary Work: Deposition via Ligand Exchange

Preliminary experiments on Mn12 monolayers were carried out using a wet-chemical
preparation routine, in which Mn12 is grafted on Au(111) by means of functional
thiol groups in the carboxylate ligands. Since the Mn12 core is oxidatively unstable in
the presence of free thiols, ligand exchange in solution prior to the deposition cannot
be performed in a direct manner1. The sample preparation is therefore realized in a
two step process, following a preparation protocol that was originally introduced by
Voss et al. in 2006 [222,223]. First, the Au(111) surface is covered by a monolayer of
thiol-carboxylate linkers, which are forming a strong bond to the gold surface via the
sulfur atom of the thiol group. Subsequently, the Mn12 molecules are attached to the

1Synthesis of Mn12 derivatives that include thiol groups is possible by using acetyl-protected
thiols for the ligand exchange and deprotecting the thiol group afterwards [182].
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Figure 9.4 | Schematic illustration of the preparation process used for a wet-
chemical grafting of Mn12. (a) Functionalization of Au(111) with a layer of 4-
MOBCA linkers. (b) Immersion of the functionalized surface in a solution of Mn12-
pfb. (c) Binding of Mn12-pfb to Au(111) via ligand exchange with the 4-MOBCA
linkers. Images by M. Fonin, S. Voss and M. Burgert.

prefunctionalized surface in a ligand exchange reaction, according to the following
equation:

(Ausur−S−R3−COOH)n + Mn12O12(R1COO)16(R2OH)x −−→

(Ausur−S−R3−COO)n−Mn12O12(R1COO)16−n(R2OH)x + n ·R1COOH.

Sample Preparation

Clean Au(111) surfaces were prepared as described in chapter 7.1. For the experi-
ments presented here, the Au surface was prefunctionalized by immersing the gold
single crystal in a 2 mM solution of 4′-mercapto-octafluorobiphenyl-4-carboxylic acid
(4-MOBCA) in ethanol for 5–10 min. After removing the crystal from solution, the
surface was rinsed with ethanol and dried in nitrogen gas. Deposition of Mn12 was
then performed by dipping the functionalized surface in a 3 × 10−5 M solution of
Mn12O12(C6H4FCOO)16(EtOH)4 (Mn12-pfb) in dichloromethane (DCM) for 6 min.
Finally, the surface was rinsed with DCM, dried in nitrogen atmosphere and intro-
duced into the UHV chamber. The preparation process is schematically illustrated
in Figure 9.4.

Results and Discussion

In order to validate the deposition process, STM measurements were performed
both before and after immersing the prefunctionalized Au crystal in the Mn12-pfb
solution. After deposition of Mn12, STM images reveal a homogeneous distribution
of elliptically shaped objects that are separated by 2–3 nm (Figure 9.5c). In contrast,
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Figure 9.5 | STM images obtained on (a) the clean Au(111) substrate before depo-
sition, (b) the 4-MOBCA functionalization layer and (c) the Mn12-pfb monolayer.
Scanning parameters: (a) V = 0.5 V, I = 1 nA, T = 9 K, (b) V = 2 V, I = 20 pA,
room temperature, (c) V = 3 V, I = 10 pA, T = 12 K.

no objects of comparable size and shape were found on the prefunctionalized surface
prior to Mn12 deposition (Figure 9.5b), or after immersion of the Au single crystal
in pure solvents. The clusters are therefore attributed to the individual Mn12-pfb
molecules. No signs of fragmentation, such as significantly smaller objects or larger
accumulations of material, are evident from the STM measurements.

Insight into the chemical composition of the Mn12-pfb monolayer is provided by
X-ray photoelectron spectroscopy. Figure 9.6a shows an XPS overview spectrum for
binding energies in the range of 0–1000 eV. The measurement demonstrates that all
elements expected to be observed in the system are present on the sample surface.
Specifically, these are Au (from the substrate), C and O (from 4-MOBCA, Mn12-pfb
and organic impurities), F (from 4-MOBCA and Mn12-pfb) and Mn (from Mn12-
pfb). The S atom of the 4-MOBCA linker is not resolved in the overview spectrum,
due to the low abundance and the small photoelectron cross section [192]. Peaks
labeled as s.p. arise from Mo and Ta contributions that are present in the sample
plate.

The observation of strong Au peaks in the XPS overview indicates that the
substrate is covered only by a relatively small amount of material. An inhomogeneous
coverage of the sample, i.e. the occurrence of native Au(111) areas, can be excluded
based on the STM measurements. Therefore, the XPS data support the assumption
that only a single layer of Mn12 is formed during the preparation process.

High resolution measurements of the C 1s, F 1s and Mn2p core level spectra
are shown in Figure 9.6b–d. The C 1s spectrum comprises a complex structure,
which is caused by a superposition of peaks from C atoms with different chemi-
cal environments. The individual contributions are ascribed to the phenyl rings and
aliphatic carbon atoms (284.7 eV [119]), C−S species (286.0 eV [191]), C−OH species
(286.4 eV [224]), carboxylate groups (288.6 eV [191]) and fluorinated carbon atoms
(288.7 eV [119]). Adventitious carbon contaminations from the atmosphere are ex-
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Figure 9.6 | XPS spectra (Mg Kα) obtained on Mn12-pfb/4-MOBCA/Au(111).
(a) Overview spectrum. (b–d) High resolution spectra of the C 1s, F 1s and Mn2p
core level contributions.

pected to contribute to the 284.7 eV peak. In contrast, the F 1s spectrum comprises a
single peak structure, confirming the identical chemical environment of all F atoms
in the 4-MOBCA linkers and Mn12-pfb ligands. The spectral shape of the Mn2p
level is not discussed here, since a quantitative analysis is hampered by an overlap
with the Au 4p1/2 peak.

In conclusion, both the STM and XPS measurements are in good agreement with
previously published results [188, 223], demonstrating that the preparation routine
of Voss et al. was successfully reproduced. It was originally planned to extend the
available STM, XPS and XAS investigations by low temperature and magnetic field
dependent STS measurements on individual Mn12-pfb molecules. However, this goal
turned out to be extremely challenging for several reasons. Since the deposition is
performed ex situ, impurities on the sample surface result in frequent changes of
the tip state during the measurement. Treating the tip after such contamination is
difficult, since common procedures, such as application of voltage pulses or moderate
ramping of the tip into the substrate, are hampered by the absence of clean metal
spots. Furthermore, a characterization of the tip state via reference measurements
on the metallic substrate is prevented the full monolayer coverage as well.
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Because of the mentioned disadvantages, it was decided to change the preparation
routine from wet-chemical grafting to electrospray deposition (ESD). The results
obtained by means of ESD are described in the following section.

9.4 Study of Mn12-ac Submonolayers and Individual Molecules

The implementation of a setup for electrospray deposition (see chapter 6) paved
the way for an investigation of surface-supported Mn12 molecules without suffering
from the disadvantages of wet-chemical preparation schemes. Since the deposition
is performed in situ, samples prepared by ESD contain only a small number of
impurities. The surface coverage can be easily controlled within the submonolayer
regime by adjusting the deposition time. Furthermore, since ESD does not rely on
specific molecule-substrate interactions, both the Mn12 derivative and the substrate
can be freely chosen.

In the following, we present a study of Mn12-ac submonolayers and individual
molecules that were deposited by means of ESD. The molecules are studied on
four different surfaces: Au(111), Ag(111), Cu(111) and graphene/Ir(111). The first
substrate, Au(111), is used as a test bed for the deposition. STM and XPS data
obtained on Mn12-ac/Au(111) have already been published by two other groups
[162,202,203], so that a reference for our measurements is available. As an extension
of these studies, we provide the first observation of elastic charge transport though
individual Mn12-ac molecules on the Au(111) surface. Ag(111) was mainly utilized
to address the electronic properties of the molecules via XPS. Unlike Au(111), the
Ag surface allows for a measurement of the manganese XPS core level spectra,
which provide direct information on the manganese oxidation state. The deposition
of Mn12-ac on Cu(111) is only briefly described in this chapter, since we observed
a decomposition of the molecules on this surface. Finally, the intention of using a
monatomic layer of graphene on Ir(111) was to electronically decouple the Mn12-ac
molecules from the influence of the metallic support.

9.4.1 Sample Preparation

Clean and atomically flat substrate surfaces were prepared as described in chapters
7.1 and 7.3. Mn12-ac was deposited in situ via ESD in UHV from 2–6 × 10−5 M
solutions of the compound in pure methanol. During the deposition, the sample was
kept at room temperature. For STM/STS measurements, ion charges in the range
of 20–30 pAh were deposited. For XPS studies, higher ion charges in the range of
35–133 pAh were accumulated by using longer deposition times in order to increase
the signal to noise ratio.
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Figure 9.7 | STM images of Mn12-ac on Au(111), showing aggregation to
(a,b) islands, (c) chain-like structures, as well as (d,e) individual molecules. Scan-
ning parameters: (a,d) I = 20 pA, T = 10 K, (b) I = 10 pA, T = 10 K, (c) I = 40 pA,
T = 11 K, (e) I = 20 pA, T = 3.5 K. All measurements at V = 2.5 V.

9.4.2 STM Imaging

Mn12-ac on Au(111) and Ag(111)

STM images of Mn12-ac on Au(111) and Ag(111) are depicted in Figure 9.7 and
9.8, respectively. The molecules appear as elliptically shaped objects with a volt-
age dependent apparent height of 400–700 pm. From the large scale images (Figure
9.7a,b and 9.8a), it is evident that the majority of the molecules is present on the
surface in form of small aggregations and two-dimensional, unordered islands. How-
ever, individual molecules are observed on the surface as well (Figure 9.7d,e). On
Au(111), we find that isolated clusters preferably occupy the elbow and fcc sites of
the herringbone reconstruction.

The growth behavior of Mn12-ac on Au(111) was subject to some controversy in
recently published works. Using ESD as deposition method, Saywell et al. [202]
report on unordered molecular assemblies similar to the aggregations and two-
dimensional islands observed in our measurements. The herringbone reconstruction
of the Au(111) surface was neither evident in the presented STM images, nor did it
influence the adsorption of the molecules. In contrast, deposition of mass selected
Mn12-ac clusters via ES-IBD by Kahle et al. [162] clearly resulted in a preferred ad-
sorption of Mn12-ac on elbow and fcc sites and, resulting from this, in an observation
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Figure 9.8 | Mn12-ac on Ag(111). (a) Large scale STM image. (b) Detailed
view of a molecular dimer and trimer. (c) Height profile along the dashed line in
(b). Scanning parameters: V = 2.5 V, I = 100 pA, T = 11 K.

of isolated molecules at low coverage.
The different results were explained in [162] by a possible contamination of the

Au(111) surface in the experiment of Saywell et al.. To support this argument, the
authors pointed out that a contamination is indicated by the absence of the herring-
bone reconstruction in the data presented in [202]. However, this explanation does
not apply to our measurements, as the herringbone reconstruction is clearly visible
in our STM images. Instead, in our opinion, the different growth behavior is most
likely related to the inherent properties of the different deposition methods. As it
was discussed in chapter 6.2.2, sub-µm sized droplets containing at least some ten
molecules in average are created in ESD. The unordered agglomerations observed
by Saywell et al. and in our measurement therefore probably result from the solid
residues that remain on the surface after evaporation of the deposited droplets. Ap-
parently, a subsequent rearrangement of Mn12-ac to energetically favored substrate
sites is hindered by attractive intermolecular interactions. In contrast, Mn12-ac is
deposited as gas phase ions in ES-IBD, which explains the occurrence of individual
molecules in the measurements of Kahle et al..

The observation of individual molecules in addition to the molecular assemblies
in our STM measurements can be well explained by taking into account the droplet
size distribution created by the ESD setup. Although larger droplets account for
the majority of the deposited material, a small number of molecules is expected to
reach the surface either as gas phase ions or in form of droplets that contain only
a single molecule. For such molecules, the same adsorption behavior as in ES-IBD
is expected, which explains our finding that isolated molecules are trapped at the
elbow and fcc sites of the herringbone reconstruction.

It was pointed out by Saywell et al. [202] that the elliptical cross section of
the molecules in the STM topography can be linked to their rotational orientation,
owing to the oblate geometry of the Mn12-ac compound. This aspect is illustrated
in Figure 9.9a. When projected on a plane perpendicular to the magnetic easy-axis,



102 Chapter 9 Mn12 Single Molecule Magnets

1.7 nm

1
.7

 n
m

1
.1

 n
m

(a) (b) (c)

Figure 9.9 | (a) Space-filling model and lateral dimensions of Mn12-ac. (b,c)
Distribution of the effective diameter and aspect ratio of Mn12-ac from STM images,
based on a statistical analysis of 631 molecules on Au(111). The solid curve is a fit
of the effective diameter with a log-normal distribution. The theoretical maximum
of the aspect ratio of 1.55 is marked by a dashed line.

Mn12-ac exhibits a circular cross section of around 1.7 nm diameter. In contrast, the
height of the molecule measured along the easy-axis is only 1.1 nm.

In order to obtain quantitative information of the rotational orientation, we
performed a statistical analysis of the major and minor semi-axes a and b of Mn12-ac
on Au(111), taking into account a total number of 631 molecules. The distributions
of the effective diameter 2

√
ab and the aspect ratio a/b are shown in Figure 9.9b,c.

Fitting the effective diameter with a log-normal distribution yields a mean of (2.2±
0.4) nm. The slightly larger value compared to the structural size of Mn12-ac can
be attributed to a broadening of the images due to the finite radius of the STM
tip. As can be seen from Figure 9.9c, the abundance of the aspect ratio is almost
constant for small a/b values and drops to zero around the theoretical maximum of
a/b = 1.7/1.1 ≈ 1.55. This indicates a random orientation of the Mn12-ac molecules
on the Au(111) surface.

Mn12-ac on Graphene/Ir(111)

Figure 9.10 shows STM images of Mn12-ac deposited on graphene/Ir(111). Depend-
ing on the voltage and tip state, the apparent height of the molecules is in the
range of 300–700 pm, close to the values obtained on metallic surfaces. As already
observed on Au(111) and Ag(111), most molecules are arranged in unordered islands
that grow over step edges in a carpet-like manner (Figure 9.10a,b). However, a small
number of molecules is found to either decorate the step edges, or to be organized
in two-dimensional, periodic structures (Figure 9.10c–f). Compared to Au(111) and
Ag(111), the observation of molecular self-assembly clearly indicates a decrease in
molecule-substrate interaction.

The lattice parameters of the periodic assemblies were measured on a total
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Figure 9.10 | STM measurements of Mn12-ac on graphene/Ir(111). (a,b)
Aggregation of molecules to unordered islands. (c) Adsorption of molecules at an
Ir step edge. (d-f) Organization of molecules in periodic structures. The moiré unit
cell of the underlying graphene layer is indicated in (e). Circles in (f) highlight
the apparent intramolecular structure. Scanning parameters: (a,b) V = 2.5 V, I =
500 pA, T = 21 K, (c,d) V = 2.5 V, I = 7 pA, T = 5.2 K, (e,f) V = 2.3 V, I = 10 pA,
T = 9.9 K.

number of 18 different islands, yielding average values of a1 = (1.75 ± 0.07) nm,
a2 = (1.84± 0.08) nm and ϕ = (77± 4)◦. As evident from Figure 9.10d,e, the inter-
nal structure of the islands and the moiré superstructure of the underlying graphene
layer can be imaged simultaneously. No correlation was found between the position
of the molecules and the moiré unit cell.

Further information on the orientation of the molecules within the periodic as-
semblies is provided by high resolution STM images. A clear intramolecular structure
could be resolved in several measurements, comprising up to 10 protrusions which
are assigned to the individual acetate units of the organic ligand shell (Figure 9.10f).
The overall shape of the molecule is elliptical with an aspect ratio of 1.38± 0.02.

While the role of the aspect ratio was already discussed in the previous section,
the relation between the number of imaged acetate ligands and the orientation of
the molecules is best illustrated in Figure 9.9a. When Mn12-ac is viewed along the
magnetic easy axis, 12 acetate ligands are visible at the same time. In contrast, only
10 ligands point towards the spectator when the molecule is imaged perpendicular
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Figure 9.11 | Arrangement of Mn12-ac molecules in crystalline bulk ma-
terial. (a) View along the surface normal of the crystallographic (101) plane. (b)
The same plane viewed perpendicular to the surface normal. Arrows indicate the
orientation of the tetragonal a and c axes.

to the easy axis. Therefore, both the aspect ratio and the number of visible protru-
sions indicate that the molecules are sitting slantwise on the surface, i.e. the easy
axis is rotated out of the surface normal. Since such an arrangement increases the
contact area between adjacent molecules, but decreases the contact area between the
molecules and the substrate, it becomes obvious that intermolecular van-der-Waals
interactions play an important role for the surface self-assembly.

We note that the periodic structure observed on the surface does not reflect the
intrinsic arrangement of the molecules in crystalline material. A comparison with
the bulk is particularly interesting for the crystallographic planes of high molecular
packing density. Since Mn12-ac crystallizes in a body-centered tetragonal lattice, the
highest density planes are the crystallographic (101) planes. The molecular arrange-
ment in the (101) plane, as derived from X-ray diffraction measurements, is depicted
in Figure 9.11.

Surface-Induced Dissociation of Mn12-ac on Cu(111)

STM measurements performed after deposition of Mn12-ac on Cu(111) reveal a sig-
nificantly different picture compared to the substrates reported so far. Equally sized
clusters with lateral dimensions in the range of 2–3 nm, as they were present on
Au(111), Ag(111) and graphene/Ir(111), could not be observed on any of the pre-
pared samples. Instead, the surface comprises islands of three different types, which
can be clearly distinguished from each other by their shape, apparent height and
inner structure (Figure 9.12a).

Objects resembling molecular entities could only be resolved in one of the three
structures, which is labeled as ‘type 1’ in Figure 9.12a. High resolution STM im-
ages show that the units are arranged on a hexagonal lattice with a periodicity of
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Figure 9.12 | Decomposition of Mn12-ac after deposition on Cu(111). (a)
Large scale STM image showing growth of three different types of structures, labeled
as 1 to 3. (b)Detailed view of an island of type 1. The island comprises three different
translational domains, whose positions are marked in the inset. Domain walls are
clearly visible in (a) as bright lines on the islands of type 1. Note that almost
every island exhibits a point at which three translational domains come together,
indicating that these points are nucleation centers for the island growth. (c) LEED
pattern of the surface measured at 40.2 eV. Scanning parameters: (a) V = 2.5 V,
I = 20 pA, T = 4.4 K, (b) V = −0.5 V, I = 500 pA, T = 4.0 K.

(0.90± 0.02) nm (Figure 9.12b). LEED measurements further demonstrate that the
objects form a commensurate (2

√
3× 2

√
3)R30◦ superstructure with respect to the

underlying Cu(111) surface (Figure 9.12c). Based on the known lattice constant of
copper, the periodicity of the superstructure, as derived from the LEED pattern, is
0.885 nm, which is in agreement with the STM measurements.

Notably, the periodicity is significantly smaller than the structural size of Mn12-ac.
The measurements therefore indicate that no intact Mn12-ac molecules are present
on the Cu(111) surface after electrospray deposition. Since the sample preparation
was performed using identical deposition parameters for all substrates, we assume
that the dissociation of Mn12-ac is induced by the copper surface. The question arises
why no such fragmentation is observed on Au(111) and Ag(111). A possible expla-
nation is that the molecular decomposition is related to the high affinity of copper
towards carboxylic acids. It is well known that acetic acid decomposes to acetate on
various copper surfaces, which in turn is chemisorbed in a bidentate configuration
via Cu−O bonds [225–227]. It therefore appears possible that acetate ligands are
able to switch their binding partner from Mn12O12 to Cu(111), most likely resulting
in a complete decomposition of the whole Mn12-ac complex.

The identity of the clusters forming the (2
√

3 × 2
√

3)R30◦ superstructure can-
not be determined from the STM measurements. However, it can be excluded that
the structure is formed solely by solvent (methanol) or acetate molecules for several
reasons. First, methanol monolayers desorb from Cu(111) at 163 K and are therefore
not expected to be present on the surface after room temperature deposition [228].
Moreover, no similar structures were reported in a low temperature STM study of
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methanol/Cu(111) [228]. In contrast, acetate is bound to Cu(111) even at room tem-
perature [227]. However, no periodic superstructure of acetate/Cu(111) is reported
in literature [227]. Furthermore, STM and LEED measurements performed in our
group on Cu(111) samples that were exposed to an acetic acid atmosphere did not
show any sign of periodic ordering.

Since this work focuses on the investigation of intact Mn12 molecules, the prop-
erties of the observed superstructure are not further discussed here. More detailed
information about the system is provided in the master thesis of S. Höll [206].

9.4.3 Elastic Charge Transport Through Individual Mn12-ac Molecules

In order to get insight into the local electronic properties of the Mn12-ac molecules,
we utilized scanning tunneling spectroscopy. Current-voltage characteristics of indi-
vidual molecules were obtained on Au(111) and on graphene/Ir(111). In the follow-
ing, we first discuss some preliminary considerations concerning data acquisition and
analysis. Thereafter, we compare both systems with regard to their elastic charge
transport properties.

Possible Changes in the Molecular Geometry Induced by STS

Complex molecular objects like Mn12-ac can easily undergo structural changes during
STS measurements, as they are in close vicinity of the STM tip. The possibilities
range from a displacement or rotation of the molecule to molecular fragmentation,
which in the case of Mn12-ac most likely involves a separation of acetate ligands. A
typical example of STS induced fragmentation of Mn12-ac is shown in Figure 9.13.

In order to ensure that STS measurements were obtained on intact molecules
and under constant conditions, the molecular appearance was routinely checked by
taking STM images before and after each STS measurement. Only data obtained on
molecules whose STM topography stayed unchanged during data acquisition were
used for further analysis.

The Role of the Set Point

Figure 9.14a shows exemplary current-voltage curves obtained on a single Mn12-ac
molecule on Au(111) at two different set points. It is evident that the ratio between
the two curves is larger at positive bias voltages V compared to the negative bias
voltage range, meaning that the shape of the curve is a function of the separation
between tip and molecule. Consequently, tunneling spectra measured at different set
points cannot be matched to one another by scaling with a single factor.

Several effects need to be be considered in order to explain the observed behavior.
In another STS study of wet-chemically grafted Mn12 monolayers – as they were
prepared in section 9.3 – Voss et al. [192] attributed a set point dependence of the
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Figure 9.13 | STS induced fragmentation of Mn12-ac on Au(111). (a) STM
topography of a single molecule before and after performing an STS measurement.
Both images are depicted in the same color scale. Note the difference in height,
as well as the appearance of smaller objects at the top and bottom of the image
after STS. (b) Height profiles along the dashed lines in (a). Scanning parameters:
V = 2.5 V, T = 3.6 K, I = 40 pA/20 pA (before/after STS).

spectroscopic features to a charging of the molecules induced by the tunnel current.
Using a simple model for charge transport through a single energy level [102], the
authors were able to simulate the behavior of the current-voltage curves based on
the assumption that Mn12 is coupled to the two electrodes in an almost symmetric
manner, i.e. the decrease in lifetime of a molecular state caused by the coupling of
the molecule to the substrate and to the STM tip is of the same order of magnitude.
While this might be a reasonable assumption for the sample geometry used in [192],
where the Mn12 core is separated from the substrate by a full layer of linker molecules
(compare Figure 9.4), it seems unlikely to apply in the present case, in which the
molecules are in direct contact to the Au(111) surface.

The set voltage dependence of the curves shown in Figure 9.14a is therefore most
likely explained by taking into account the energy and distance dependence of the
tunneling matrix element T . This aspect was already discussed in detail in chapter
3.2.1 and it was pointed out that the impact of T on the shape of an STS mea-
surement can be canceled out by normalizing the differential conductance dI/dV
to the total conductance I/V . The result of applying this normalization scheme to
the present measurement is shown in Figure 9.14d. Indeed, both normalized curves
overlap to a large extend, underlining that the observed behavior can be fully un-
derstood by assuming an asymmetric coupling geometry and considering the impact
of the set point on the tunneling matrix element.

A particular obstacle arising from the normalization of dI/dV in the present case
is that the tunnel current is close to zero in the vicinity of EF, meaning that the
normalized conductance is diverging in this region. The origin of this problem and
possible ways to overcome it have already been discussed in chapter 3.2.2. Here, the
scheme of Prietsch et al. is applied, in which I/V is replaced by

√
(I/V )2 + c2 with

a small offset constant c. The result shown in Figure 9.14d was calculated using a
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Figure 9.14 | Tunneling spectra of a single Mn12-ac molecule on Au(111),
obtained at two different set voltages. Red circles: Vs = 2 V, black squares:
Vs = 2.5 V. Further parameters for spectroscopy: Is = 40 pA, Vmod = 40 mV, T =
11 K. (a) Tunnel current I. (b) Total conductance I/V . Dashed lines are obtained
from the data by applying the method of Prietsch et al. with an offset constant of c =
2 pS. (c) Differential conductance dI/dV . (d) Normalized differential conductance
(dI/dV )/(I/V ).

value of c = 2 pS.

Results

STS measurements performed at the center of 19 different Mn12-ac molecules on
Au(111) are shown in Figure 9.15a. All measurements were carried out using identical
set parameters of Vs = 2.5 V and Is = 50 pA. In accordance with the previous section,
all curves were normalized to I/V , using an offset constant of c = 3 pS.

The most prominent feature evident from the data is a wide conductance gap that
appears around zero bias voltage. The left and right onset energies of the gap El and
Er were estimated for each cluster by fitting the region of conductance onset with a
linear function and calculating the intersection point of the fit with the conductance
level inside the gap. From the obtained values, the width of the gap is calculated
as ∆Egap = Er − El. The distribution of the onset energies and gap widths of all
19 molecules is shown in Figure 9.15b. Taking the average over all molecules yields
〈El〉 = (−1.07 ± 0.26) eV, 〈Er〉 = (1.13 ± 0.24) eV and 〈∆Egap〉 = (2.20 ± 0.45) eV,
with the errors referring to the standard deviations.
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Figure 9.15 | Statistical analysis of elastic charge transport through
Mn12-ac on Au(111). (a) Normalized differential conductance curves obtained
on 19 different molecules. Grey circles show the entirety of all measured data points.
An exemplary conductance curve of one of the molecules is highlighted as a red line.
Parameters for spectroscopy: Vs = 2.5 V, Is = 50 pA, Vmod = 30 mV, T : 5.7–8.1 K.
All curves were normalized using an offset constant of c = 3 pS. (b) Distributions of
the left and right onset energies El and Er and of the gap width ∆Egap, as obtained
from the data in (a).

As demonstrated in Figure 9.16 the existence of a conductance gap in Mn12-ac
on Au(111) is also evident from topographic STM images. When the molecules are
scanned in the gap region, they become invisible to the STM tip and are consequently
displaced along the scanning direction. As previously demonstrated by Voss et al.
[223], this effect can be used to manipulate the spatial distribution of the molecules
on the nanometer length scale.

In addition to Au(111), we performed STS measurements on individual Mn12-ac
molecules on graphene/Ir(111). Due to the high mobility of the molecules on the
graphene layer, the measurements were hampered by a displacement of the molecules
during data acquisition. Therefore, only a very limited amount of spectroscopic data
is available on this system.

Figure 9.17 shows the result of an STS measurement performed at the center
of a single Mn12-ac cluster on graphene/Ir(111), which was located at a monatomic
step edge. The measurement was carried out using the same set parameters, i.e.
Vs = 2.5 V and Is = 50 pA. In contrast to the results obtained on Mn12-ac/Au(111),
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Figure 9.16 | Displacement of Mn12-ac molecules on Au(111) by scanning
within the edge region of the conductance gap. The STM images shown in
(a-c) were subsequently measured at the same position, using bias voltages of 2.5,
1.5 and 2.5 V respectively. Note the unchanged position of the Au step edge in the
top-left corner of all three images. Scanning parameters: I = 10 pA, T = 10 K.

two sharp peaks are visible in the normalized differential conductance curve. The
maxima of the two peaks are estimated to be at -1.38 and 1.54 eV.

We note that the STS measurement presented in Figure 9.17a shows negative
differential conductance (NDC) at V & 1.8 V. Due to the limited amount of data,
it is not clear whether the observation of NDC is reproducible. The origin of this
feature is therefore not further discussed.

Discussion

If we compare the STS measurements obtained on the two different substrates, the
most striking difference is the appearance of sharp resonances in the conductance
of Mn12-ac on graphene/Ir(111). The observation of such resonances gives strong
evidence that the corresponding molecular states do not hybridize with the elec-
tron gas of the substrate. Therefore, our STS data demonstrate that a monatomic
layer of graphene can be used to electronically decouple Mn12-ac from the influ-
ence the metallic support. This finding is consistent with the STM measurements
reported in section 9.4.2, since the formation of periodic assemblies of Mn12-ac on
graphene/Ir(111) indicates a reduced molecule-substrate interaction compared to
Au(111).

In accordance with the asymmetric geometry of the tunnel contact – the Mn12-ac
molecule being much stronger coupled to the substrate than to the STM tip – the
observed resonances in conductance are interpreted in terms of charge transport
through the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). From the positions of the two resonances, the HOMO-
LUMO gap of Mn12-ac on graphene/Ir(111) is calculated to be ∆Egap = 2.92 eV.
Notably, the conductance gap of Mn12-ac on Au(111) is of the same order, mean-
ing that the interaction of the molecules with the bare metal surface results in a
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Figure 9.17 | STS spectrum of a single Mn12-ac molecule on
graphene/Ir(111). (a) Differential conductance dI/dV . (b) Normalization of
dI/dV to I/V (c = 5 pS). Parameters for spectroscopy: Vs = 2.5 V, Is = 50 pA,
Vmod = 10 mV, T = 5.1 K.

broadening, but not in a significant shift of the molecular states.
In another STS study of Mn12-ac on highly oriented pyrolytic graphite (HOPG)

[181], a gap width of 2.34 eV is reported for measurements taken at the center of the
Mn12 cluster. This value is in good agreement with the average gap width observed
in our measurements on Mn12-ac/Au(111). Furthermore, the value is in acceptable
agreement with our result on Mn12-ac/graphene/Ir(111), considering that no infor-
mation on the molecular orientation is available.

A theoretical calculation of the HOMO-LUMO gap within density functional
theory (DFT) is reported by Pederson et al. [211]. According to the calculation, the
gap-width of Mn12-ac is 2.08 and 0.45 eV for the minority and majority spin pro-
jection of the electrons, respectively. While a precise prediction of the absolute gap
width is difficult in DFT, the result of the calculation indicates that charge trans-
port in STS mainly takes place though the minority-spin states of the molecule. A
possible explanation for this finding is that the wave functions of the majority states
exhibit a shorter decay length in vacuum. Since the tunnel conductance generally
depends on the local density of states at the apex of the tip, this would result in a
discrimination of the majority-spin states in scanning tunneling spectroscopy. How-
ever, the vacuum decay is not addressed in [211], meaning that this aspect remains
speculative.

9.4.4 Can Spin-Flip Excitations be Observed in STS?

Spin-flip excitations in tunneling spectroscopy obey selection rules that are imposed
by the conservation of the total spin. Since the spin projection of the tunneling elec-
tron can only change by ∆M = 0,±1, the same holds for the adsorbate. Therefore,
starting from the |S,M〉 = |10,±10〉 ground state, spin-flip transitions in Mn12-ac
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Figure 9.18 | Typical dI/dV spec-
trum of a single Mn12-ac cluster on
Au(111) in the mV bias voltage range.
No signs of inelastic tunneling pro-
cesses were found for any of the mea-
sured molecules. Spectroscopy parame-
ters: Vs = 100 mV, Is = 40 pA, Vmod =
1 mV, T = 6 K.

are expected to take place into the adjacent |10,±9〉 levels of the ground state mul-
tiplet, and possibly into |9,±9〉, |11,±9〉, |11,±10〉 and |11,±11〉 states with excited
spin quantum number S.

Taking into account only first order terms in magnetic anisotropy, the energy of
the |S,±S〉 → |S,±(S − 1)〉 transition is |D|(2S − 1). Based on the literature value
of the anisotropy constant D of Mn12-ac, the lowest energy excitation is therefore
expected to be at 1.1 meV. In inelastic neutron scattering measurements on Mn12-ac
bulk material [229], higher energy excitations were observed at 5.0 and 9.1 meV.

In order to test whether inelastic excitations in the mentioned energy range
can be observed in tunneling spectroscopy, extensive measurements on Mn12-ac
molecules on Au(111) were performed in the bias voltage range of ±20 mV. A typical
example of a dI/dV curve obtained on an individual molecule is shown in Figure
9.18. The spectrum is flat and exhibits no conductance steps that symmetrically
appear at positive and negative bias voltage. Overall, no clear signs of spin-flip
excitations were found in any of the measured Mn12-ac molecules.

The absence of inelastic features in Mn12-ac/Au(111) is in agreement with re-
sults reported in [162]. The authors of the work propose that no such features can
be observed on bare metal surfaces due to a quenching of the spin caused by the
molecule-substrate interaction. In this regard, it would be interesting to investi-
gate whether spin-flip excitations are evident in Mn12-ac/graphene/Ir(111). This
question, however, was no longer pursued after spin-flip transitions in Mn12-ac on
h-BN/Rh(111) were reported by another group in the course of this work [162].

9.4.5 X-ray Photoelectron Spectroscopy

Further insight into the electronic properties of Mn12-ac submonolayers deposited
on Au(111) and Ag(111) was obtained by using X-ray photoelectron spectroscopy
(XPS). In the following, we present a quantitative analysis of the C 1s, O 1s, Mn 2p
and Mn3s core level spectra.
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C1s and O1s Core Level Spectra

Due to the similarity of the results achieved on both noble metal surfaces, the C 1s
and O1s core level spectra are discussed only for Mn12-ac/Au(111). Figure 9.19a
shows the spectral shape of the C 1s contribution at a surface coverage of 0.4 ML.
The measurement exhibits a low binding energy peak at 285.2 eV and a high binding
energy peak at 288.7 eV. According to the binding configuration, we attribute the
two peaks to the C atoms of the methyl (CH3) and carboxylate (COO) groups of the
acetate ligands, respectively. The energy separation between both peaks is consistent
with the range of 3.5–4 eV reported in literature [225].

C 1s

O 1s

Mn 2p, Au 4p(a)

(b)

(c)

Clean Au

0.2 ML

0.4 ML

0.7 ML

Mn 2p1/2

Au 4p1/2

Mn 2p3/2

Figure 9.19 | X-ray photoelectron spectra (Mg Kα) of Mn12-ac/Au(111).
(a) C1s and (b) O1s core level spectra at 0.4 ML coverage. The data were corrected
by subtracting a linear and a polynomial background, respectively. Solid red and
dashed black lines are fits to the experimental data as described in the text. (c) The
Mn2p spectrum is superimposed by the Au 4p1/2 contribution. An increase of the
Mn2p1/2 peak is clearly visible as the coverage increases from 0 and 0.7 ML.

The peak areas were estimated by fitting the spectrum with a sum of pseudo-
Voigt functions. The resulting area ratio of the methyl to carboxyl peak is 1.2, which
is to be compared to a 1:1 ratio of the corresponding carbon atoms in Mn12-ac. The
slightly higher value of the area ratio can be explained by considering two different
effects: First, the methyl groups of the upper-lying acetate ligands, which contribute



114 Chapter 9 Mn12 Single Molecule Magnets

strongest to the signal, are closer to the top of the sample surface than their carboxyl
groups, meaning that the methyl contribution is less attenuated. Secondly, organic
contaminations present on the sample surface mainly contribute to the methyl peak.
For the latter reason, significantly larger methyl to carboxyl ratios were reported in
other experiments [200,203]. In contrast to these former studies, the almost identical
peak areas observed here demonstrate that only small amounts of impurities are
present on the sample surface.

The O1s core level spectrum, obtained on the same sample, is shown Figure
9.19b. The measurement exhibits a main peak at high binding energies, which is
attributed to the oxygen atoms of the carboxylate groups and water molecules.
An additional shoulder visible at smaller binding energies can be ascribed to the
contribution of the Mn12O12 core [200]. Fitting the profile with two pseudo-Voigt
functions yields peak positions of 531.8 eV and 530.1 eV, respectively. No attempts
were made to separate the carboxylate and water contributions in the fit, as the
spectral shape does not provide enough detail to reliably estimate the additional
degrees of freedom that would result from a three-peaks fitting model.

From the best fit of the experimental spectrum, an area ratio of 3.0 between
the high and low binding energy contribution is calculated. This value is in perfect
agreement with the abundance of the different oxygen species when it is assumed
that water and acetic acid molecules of crystallization are not present on the sample
surface, i.e. only the cluster Mn12O12(CH3COO)16(H2O)4 is deposited.

The Mn Oxidation State

XPS allows for an identification of the Mn oxidation state based on three different
parameters [230]. First, the binding energy of the Mn2p3/2 peak is increasing as
the oxidation state increases. Secondly, the position of the Mn2p shake-up satellite
with respect to the main peak is significantly different for Mn(II) compared to other
oxidation states. Finally, the exchange splitting of the Mn3s level is a decreasing
function of the oxidation state. Reference values of all three parameters were reported
for Mn12-ac bulk material [231], as well as for different manganese oxides [230, 232]
and are summarized in Table 9.1.

Unfortunately, in case of Mn12-ac/Au(111) both the Mn2p and Mn3s core level
contributions are superimposed by highly intensive substrate peaks, making a quan-
titative analysis of their structure impossible (see Figure 9.19c). The Mn oxidation
state is therefore only discussed for Mn12-ac/Ag(111). All data presented here were
obtained on a sample with ∼ 0.8 ML coverage.

The Mn2p and Mn3s core level spectra of the Mn12-ac/Ag(111) submonolayer
are depicted in Figure 9.20. The maximum of the Mn2p3/2 peak is measured at a
binding energy of 641.7 eV. Mn 2p shake-up satellites are clearly visible at around 5–
6 eV with respect to the Mn2p1/2 and Mn2p3/2 main peaks. In order to estimate the
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Valency Mn2p3/2 (eV) ∆E sat. (eV) ∆E Mn3s (eV)
MnO 2 640.4–641.7 5.4–5.7 5.8–6.2
Mn3O4 2.6 641.4–641.5 10.5–11.3 5.3–5.6
Mn2O3 3 641.8–641.9 10.0–10.5 5.2–5.5
MnO2 4 642.2–642.6 11.2–12.9 4.5–4.7
Mn12-ac 3.3 642.4± 0.2 a 10.6± 0.2 a 5.4± 0.15

Table 9.1 | Literature values of the Mn2p3/2 binding energy, the Mn2p shake-up
satellite position and the Mn3s exchange splitting, reported for manganese oxides
with different Mn oxidation states and for Mn12-ac bulk material. References: [230–
232]. a Value estimated from the plot of the Mn2p core level spectrum.

Mn3s exchange splitting, great care was taken to perform an appropriate background
correction. In detail, the background was described as a sum of a Shirley profile and
four Doniach-Sunjic peaks, accounting for the nonlinear contributions of the adjacent
Ag 4s, Ag 4p1/2 and Ag 4p3/2 levels, as well as for a Ag 4s satellite caused by the non
monochromatic X-ray source. The data shown in Figure 9.20b were corrected for the
background contribution. The best fit of the Mn3s double-peak yields an exchange
splitting of (5.7± 0.2) eV.

In comparison with the reference values reported for both Mn12-ac bulk ma-
terial and different manganese oxides, the observed position of the Mn2p shake-
up satellites clearly demonstrates a partial reduction of the manganese ions in the
Mn12-ac/Ag(111) submonolayer from +III/+IV to +II. This finding is corroborated
by the binding energy of the Mn2p3/2 peak, which is significantly smaller than the
value expected for an Mn(III)/Mn(IV) mixed valence compound. The same trend is
observed for the Mn3s exchange splitting. Compared to manganese oxide reference
materials, the exchange splitting of the Mn12-ac submonolayer indicates a reduction
the Mn12O12 core. However, we note that the deviation of the exchange splitting
from the value reported for Mn12-ac bulk material lies within the accuracy of our
measurement.

In conclusion, the XPS Mn2p and Mn3s core level spectra indicate a reduction of
manganese in Mn12-ac/Ag(111). Two different effects need to be taken into account
to explain this finding. First, a reduction of the manganese ions might result from a
charge transfer between substrate and molecule. Secondly, a change of the oxidation
state can generally be caused by radiation damage, i.e. a degradation or charging
of the molecules caused by the X-ray radiation. From STM images reacord after X-
ray photoelectron spectroscopy, we found no significant changes in the topographic
appearance of the samples. Therefore, we consider a charge transfer process to be
the most likely explanation.
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(a) (b)
Mn 2p Mn 3s

Mn 2p1/2

Mn 2p3/2

Figure 9.20 | X-ray photoelectron spectra (Mg Kα) of approximately
0.8ML Mn12-ac on Ag(111). (a) Mn2p core level spectrum. Arrows indicate the
positions of shake-up satellites. (b) Exchange splitting of the Mn3s level. Data were
background corrected as described in the text. Solid red and dashed black lines are
fits to the data based on Voigt functions.

9.5 Study of Mn12-ac Thick Films

The investigation of SMM films rather than submonolayers not only is of interest
with regard to possible applications, but also allows for a direct measurement of
the magnetic properties via bulk-sensitive SQUID magnetometry. In this section,
the question is addressed whether the magnetic properties of Mn12-ac thick films
differ from bulk material or not. In order to account for the presumably random
orientation of the molecules in the film material, the results are compared to the
magnetic behavior of a polycrystalline powder sample.

9.5.1 Sample Preparation

The Mn12-ac film was prepared by means of ESD, using an 0.5 mm thick sapphire
plate covered with 75 nm gold as substrate. In contrast to the preparation of sub-
monolayers for STM and XPS investigations, the deposition rate was strongly in-
creased by placing the substrate in the first stage of the differential pumping system
and increasing the concentration of the methanolic Mn12 solution to 2 × 10−4 M.
For the results presented here, an ion charge of 114 nAh was deposited over a time
period of 225 min. After deposition, the sample was transported to the SQUID mag-
netometer under ambient conditions.

The magnetometric measurements on Mn12-ac polycrystalline powder were ob-
tained on a sample with a mass of 9.4 mg. All SQUID measurements were background
corrected as described in section 4.3.1.
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9.5.2 Results and Discussion

Figure 9.21a shows isothermal magnetization curves obtained on the film and on the
polycrystalline powder sample at 1.8 K. For comparison, a calculation of the mag-
netization curve of an ensemble of randomly oriented Mn12-ac molecules in thermal
equilibrium, i.e. without magnetic hysteresis, is plotted as well2. The calculation was
carried out based on the ZFS Hamiltonian

HZFS = DS2
z + gµBS · H. (9.1)

In order to account for the random molecular orientation, the magnetization was av-
eraged over all possible angles between S and H. The first order anisotropy constant
was set to the literature value D = −0.47 cm−1 and the Landé-factor was estimated
to be g = 1.90 from a fit of the calculation to the high magnetic field range of the
polycrystalline powder measurement.

The differences observed in the magnetic behavior of the powder sample com-
pared to single crystalline material (see Figure 9.2a) can be ascribed to the random
orientation of the molecules. In particular, the magnetization curve of the powder
sample is not saturated at 5 T, since high magnetic fields are required to rotate the
magnetic moment of those molecules whose anisotropy axis is almost perpendicular
to the external magnetic field. Furthermore, step-like magnetization changes, which
are a signature of quantum tunneling of magnetization, are only observed at zero
magnetic field. This is to be expected, since all QTM transitions other than the zero
field resonance |S,±M〉 → |S,∓M〉 depend on the angle between the anisotropy
axis and the magnetic field and are therefore smeared out in the measurement.

Compared to the polycrystalline powder sample, the Mn12-ac film exhibits a sig-
nificantly different magnetic behavior. First, the coercive field of the film is strongly
reduced. An opening of a hysteresis loop is visible only in a magnified view of the
low magnetic field range, as shown in Figure 9.21b. Secondly, the hysteresis loop of
the film shows no signs of QTM at zero magnetic field. Thirdly, the slope of the
magnetization curve at zero magnetic field is considerably smaller than expected for
an ensemble of randomly oriented Mn12-ac molecules.

According to the Arrhenius law (1.9), the observed reduction of the coercive
field can be explained by a decrease of either the pre-exponential factor τ0, or the
anisotropy barrier height ∆E. A smaller value of τ0 is to be expected when going from
crystalline to amorphous environment, due to an increased spin-phonon interaction
[233]. For amorphous Mn12-ac nanospheres, τ0 was reported to be reduced by a
factor of 3.5–4 compared to crystalline bulk material [233]. Since the relaxation

2The assumption of thermal equilibrium corresponds to an experimental situation in which the
integration time of the measurement is chosen to be large compared to the magnetic relaxation time
τ of Mn12-ac. Since τ is of the order of years at 1.8 K, an experimental realization of this condition
is not practicable.
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Figure 9.21 | (a) Isothermal magnetization curves of an Mn12-ac film (black cir-
cles) and a polycrystalline powder sample (red circles) at T = 1.8 K. The dashed
red line shows the magnetization calculated for an ensemble of randomly oriented
Mn12-ac molecules in thermal equilibrium. (b) Magnified view of the curve obtained
on the film sample in the range of low magnetic fields. A temperature dependent
opening of a hysteresis loop is visible.

time linearly depends on τ0, a change of this magnitude cannot explain the drastic
reduction of the coercive field observed here. We therefore assume that the small
coercive field value is mainly caused by a reduction of the anisotropy barrier ∆E.

The reduced slope of the magnetization curve at zero magnetic field cannot
be explained by this change in magnetic anisotropy. In general, for an ensemble
of randomly oriented molecules with easy-axis type magnetic anisotropy, the slope
of the magnetization curve at zero magnetic field increases when the anisotropy
barrier is decreased. Clearly, the opposite trend is observed here. The shape of the
magnetization curve therefore indicates that the magnetic moment of the molecules
in the film, i.e. their spin quantum number S, is reduced as well.

Further insight into the magnetic properties of the film is provided by temper-
ature dependent susceptibility measurements. As already discussed in section 9.2.1,
slow magnetic relaxation due to easy-axis type magnetic anisotropy causes a differ-
ence between zero-field-cooled (ZFC) and field-cooled (FC) curves at low tempera-
ture. Figure 9.22a shows the result of a ZFC-FC measurement of film and powder
sample in an external magnetic field of H = 1 kOe. The ZFC and FC curves mea-
sured on the film clearly diverge below 4 K, which is in accordance with the observed
opening of a hysteresis loop in magnetic field dependent measurements. However,
compared to the polycrystalline powder sample, the relative difference between both
curves at 1.8 K is significantly smaller.

The blocking temperature TB of the film can be deduced from the local maximum
of the ZFC curve. The functional dependence of TB on the external magnetic field
H is depicted in Figure 9.22b. At H = 0.1 kOe, the value of TB is around 3.9 K. By
increasing H to 7 kOe, TB continuously drops to around 2.4 K.
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Figure 9.22 | (a) Temperature dependence of the magnetization of an Mn12-ac
film (black) and polycrystalline powder sample (red) in an external magnetic field of
H = 1 kOe. Solid and open circles correspond to ZFC and FC curves, respectively.
(b) Blocking temperature of the film as a function of the external magnetic field H.

Notably, the value of TB is very close to that found for single crystalline material
(compare Figure 9.2b). This is in apparent contradiction to the magnetization curves,
since the decrease of both the magnetic anisotropy and the magnetic moment is
expected to result in a significant reduction of TB. It is therefore concluded that not
all molecules are affected by the decrease in anisotropy and magnetic moment in
the same way. Most likely, a large fraction of the molecules exhibits fast magnetic
relaxation, whereas the magnetic properties of a smaller fraction, which is carrying
the magnetic hysteresis, are almost unchanged. This explanation is in agreement
with the observation that the relative difference between ZFC and FC curves at
1.8 K is significantly smaller for the film compared to the polycrystalline powder
sample.

Conclusion

In conclusion, we observe a significant change of the magnetic properties of the
molecules in the film compared to bulk material. Two different effects need to be
taken into account in order to explain this finding. First, a part of the Mn12-ac
molecules is expected to be decomposed during the deposition process. As observed
in the ESI-MS measurements reported in section 9.2.2, a loss of acetate ligands can
occur in ESD, which is expected to severely influence the electronic and magnetic
properties of the molecules. However, based on the small amount of fragments that
is visible in STM measurements on Mn12-ac submonolayers, it appears unlikely that
molecular decomposition is responsible for the observed changes alone.

A second aspect to be considered is the impact of the changed molecular environ-
ment of the magnetic behavior. Various studies have shown that the electronic and
magnetic properties of Mn12 SMMs are strongly modified when their crystalline or-
der is broken. In amorphous material, around 45 % of all Mn12 clusters were found to
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exhibit fast magnetic relaxation [234]. Isothermal magnetization curves of Mn12 films
that were prepared by other techniques, such as evaporation of highly concentrated
solutions [235] or deposition of Langmuir-Blodgett films [197], showed coercive fields
values and slopes at zero magnetic field that are comparable to the results obtained
here. Our finding of a changed magnetic behavior is therefore in line with a number
of studies already reported in literature and is likely related to the redox instability
of the Mn12 core.
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A second class of SMMs studied in this work are tetranuclear iron(III) complexes
of formula Fe4L2dpm6, where H3L is a tripodal ligand of the general form R-
C(CH2OH)3 and Hdpm = dipivaloylmethane. Great interest into this family of
SMMs, also known as Fe4 ferric stars, was raised by several studies who demon-
strated a remarkable stability of its functional magnetic properties. As the only
SMM to this day, Fe4 was shown to retain its magnetic hysteresis when chemically
grafted to a metallic substrate [11, 236]. Furthermore, the magnetic anisotropy of
Fe4 was found to be preserved when embedded into a three-terminal device geome-
try [237–239].

In previous studies, the deposition of the Fe4 cluster was carried out either by
forming a thiol bond between a sulfur containing tripodal ligand L3− and a gold
surface [11, 236], or by utilizing thermal sublimation in ultra-high vacuum (UHV),
which up to now was shown to be possible only for R = phenyl [240–242]. However,
the specific form of the tripodal ligand required for both deposition procedures
is a limitation that restricts the free choice of the organic ligand shell as a tool
to control the interaction of the molecule with its environment. In particular, the
protruding size of these ligands forces Fe4 to sit slantwise to the substrate, therefore
resulting in an unfavorable angle between the molecular magnetic easy axis and the
surface normal of up to 35◦ [11,242]. Furthermore, this hampers the assembly of the
molecules in ordered two-dimensional superstructures [242].

Here, we present a successful fabrication of self-organized arrays of Fe4 by using
hexagonal boron nitride (h-BN) on Rh(111) and graphene on Ir(111) as templates. In
order to achieve a preferably flat adsorption geometry of the Fe4 molecule, we decided
to use the smallest tripodal ligand possible, viz. R = H. The molecular structure
of this specific derivative (Fe4H) is depicted in Figure 10.1. Chemical synthesis and
crystal structure characterization were performed by P. Schmitt in the group of Prof.
U. Groth (Department of Chemistry, University of Konstanz) and are described
elsewhere [243].

For the deposition of Fe4H we use electrospray deposition (ESD), which has been
shown to be capable of bringing complex and non-volatile molecules onto surfaces
with only minor fragmentation [53]. The structural and electronic properties of Fe4H

121
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(a) (b)

Figure 10.1 | Structure of the Fe4H compound, viewed along the [001] (a) and
[010] lattice direction (b) of the molecular crystal. Color code: Fe = orange, O =
red, C = black. Outer C atoms of tert-butyl groups are translucent and H atoms are
omitted for clarity.

sub-monolayers and individual molecules are studied by means of low temperature
scanning tunneling microscopy and spectroscopy (STM/STS), as well as X-ray ab-
sorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD). De-
spite the complexity of the molecular structure, ordered arrays of Fe4H are obtained.
By comparison of STM images and density functional theory (DFT) calculations,
we infer that the magnetic easy axis of the molecules is perpendicular to the sur-
face. Furthermore, from the magnetic field dependence of the XMCD signal, we
conclude that the magnetic anisotropy constant D is unaffected upon the deposition
on graphene. The systems studied here therefore provide a promising playground to
explore the magnetic properties of Fe4 SMMs in a well-defined configuration.

A part of the following results have been published in Nano Letters in 2015 as
an article named "Highly ordered surface self assembly of Fe4 single molecule mag-
nets" [243]. The STM and STS measurements presented in this chapter were per-
formed together with Nicole Barth and Fabian Paschke in the context of their master
theses [208].

10.1 Bulk Magnetic Properties of the Fe4H Compound

Since the Fe4H compound is not reported in literature so far, we first carried out a
characterization of its bulk magnetic properties. The measurements were performed
via SQUID magnetometry on a sample of 5.3 mg polycrystalline powder, dispersed
in 21.4 mg of paraffin oil and cooled down in zero magnetic field to ensure a ran-
dom orientation of the crystallites. The diamagnetic background consisting of the
contributions of oil and sample holder was corrected by subtracting a reference
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Figure 10.2 | DC magnetic prop-
erties of Fe4H as polycrystalline ma-
terial. Upper curve: Temperature
dependence of the magnetic suscep-
tibility. Inset: Isothermal magneti-
zation curves, measured at different
temperatures. Solid lines are fits to
the data, based on the models de-
scribed in the text.

measurement and the diamagnetic contribution of Fe4H was subtracted by using a
correction of −871× 10−6 emu/mol, estimated from Pascals constants.

Results and Discussion

Figure 10.2 shows the temperature dependence of the molar susceptibility χm in the
range of 1.8–260 K, measured in a magnetic field of H = 1 kOe. The χmT product
at 260 K is around 12.9 cm3K mol−1. By lowering the temperature, χmT reaches
a broad minimum at around 110 K and finally increases to a maximum value of
15.0 cm3K mol−1 at 5 K.

As pointed out in [244], the observed behavior of χmT is a fingerprint of the anti-
ferromagnetic coupling in the star-like spin topology of Fe4. A quantitative analysis
of the data was carried out based on the Heisenberg Hamiltonian

H = J1S1 · (S2 + S3 + S4) + J2(S2 ·S3 + S3 ·S4 + S2 ·S4) + gµBS ·H. (10.1)

Here, J1 and J2 denote the nearest-neighbor and next-nearest-neighbor exchange
coupling constants, respectively, Si=1 and Si 6=1 correspond to the spins of the central
and the peripheral Fe atoms, S is the total spin and H is the applied magnetic field.
The form of (10.1) implicates a threefold symmetry of the exchange interaction
(see Figure 10.3) and was already used in previous studies of Fe4 derivatives [244–
247]. Fitting the experimental data based on (10.1) yields the best fit values J1 =
16.94(15) cm−1, J2 = 0.95(11) cm−1 and g = 2.059(5). The corresponding χmT curve
is shown in Figure 10.2 as a solid line. The values of J1 and J2 are in good agreement
with values reported for other Fe4 derivatives [245–247].

In addition, isothermal magnetization curves were recorded at 1.8, 2.5 and 4.5 K.
The result is shown in the inset of Figure 10.2. TheMm vs. H/T curves do not coin-
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Figure 10.3 | Schematic illus-
tration of the exchange interac-
tions described by the Heisenberg
Hamiltonian (10.1).
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cide for different temperatures and approach a value of 10NAµB for high magnetic
fields, indicating an S = 5 ground state with non-zero magnetic anisotropy. Good
coincidence with the measured data can be achieved based on the simple zero-field
splitting Hamiltonian

H = DS2
z + gµBS ·H, (10.2)

where Sz is the component of the total spin in direction of the magnetic anisotropy
axis. The magnetic moment is calculated from (10.2) by numerically diagonalizing
the Hamiltonian as a function of the magnetic field orientation and subsequently
integrating the result over all possible angles of the magnetic field with respect to
the anisotropy axis, in order to account for the random orientation of the crystallites
in the powder sample. Fitting the calculated magnetization curve to our data yields
D = −0.427(11) cm−1 and g = 1.994(8). The solid lines in the inset of Figure 10.2
show the magnetization curves that correspond to the best fit values. Again, the
value of D is consistent with values reported for other Fe4 derivatives [246].

10.2 Characterization of Fe4H Thick Films

An important question regarding the surface deposition of Fe4H is whether the
molecular integrity of the compound is preserved during the ESD process. In order
to address this aspect, preliminary measurements were performed on Fe4H thick
films that were grown by means of ESD. The magnetic properties of the films and
their composition were studied via SQUID magnetometry and electrospray ioniza-
tion mass spectrometry (ESI-MS). By comparing the results to those obtained on
bulk material, insight is gained into possible fragmentation processes that can occur
during the transfer of the molecules from solution onto the surface.

Film preparation: Solutions of Fe4H with concentrations in the range of 7 ×
10−5–1× 10−4 M in a mixture of tetrahydrofuran and methanol (volume ratio 6 : 1)
were freshly prepared and immediately used for deposition. Gold-covered sapphire
plates were used as substrate for the film growth. In order to achieve high deposition
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Figure 10.4 | Isothermal magneti-
zation curves of an Fe4H film, mea-
sured at different temperatures and
with in-plane and out-of-plane mag-
netic field orientation. Solid lines are
a fit to the data, based on a step-like
angle distribution (10.4). Dashed
lines are magnetization curves of
a randomly oriented polycrystalline
powder sample, scaled to the abso-
lute magnetic moment of the film.

rates, the substrate was placed directly in front of the electrospray emitter tip at
ambient conditions. The results presented herein were obtained on a film sample
with an average thickness of around 1.5µm, as estimated from the saturation value
of its magnetic moment.

SQUID magnetometry: The diamagnetic background contribution of the sub-
strate and the sample holder was corrected by subtracting a reference measurement
of the substrate performed before the deposition of Fe4H.

ESI-MS: Mass spectra were recorded from a solution generated by immersing
the film into 3 ml of tetrahydrofuran (THF). A complete dissolution of the film by
the solvent was observed to take place within several seconds. Reference spectra
were obtained on a 7× 10−5 M solution of crystalline material in the same solvent.
All measurements were performed on a Bruker micrOTOF II electrospray ionization
(ESI) time-of-flight system, using the following operating parameters of the ESI
interface: source temperature 180 ◦C, desolvation gas flow 10 l/min, nebulizing gas
pressure 1.2 bar.

10.2.1 DC Magnetic Properties

Figure 10.4 shows isothermal magnetization curves of the Fe4H film, measured at
temperatures of 1.8, 2.5 and 4.5K and with the external magnetic field applied both
along the in-plane and out-of-plane direction. For comparison, the magnetization
curves that were obtained on polycrystalline bulk material are depicted in the same
graph as dashed lines. It is evident that the measurement of the film resembles the
curves taken on bulk material. However, a clear difference can be observed between
the in-plane and out-of-plane geometry, the magnetic moment of the film being
smaller in the latter case.

Two effects need to be taken into account in order to explain the observed depen-
dence of the magnetization on the orientation of the magnetic field: shape anisotropy
and a preferred orientation of the molecules in the film material. In case of a film
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whose thickness is negligible compared to its lateral dimensions, the magnetization
M‖ measured with in-plane geometry is not affected by shape anisotropy, whereas
the magnetization M⊥ measured in out-of-plane geometry is reduced by the influ-
ence of the internal demagnetizing field. A quantitative estimation of this effect can
be carried out in the limit M⊥ � H, which is a reasonable assumption for the Fe4
complex due to its small volume magnetization. In this limit, the relative difference
between both geometries is directly given by the differential volume susceptibility,
i.e.

M‖(H)−M⊥(H)
M⊥(H) =

dM‖(H)
dH . (10.3)

In case of our measurement, an upper limit of dM‖/dH can be estimated by taking
the volume susceptibility at the lowest temperature used and in zero magnetic field,
which is χ(T = 1.8 K, H = 0) ≈ 5 × 10−3 (as obtained from the measurement on
polycrystalline powder material – section 10.1). This value is much smaller than the
relative difference between both geometries observed in our measurement. Therefore,
we conclude that the impact of the magnetic field orientation on the magnetization
of the film cannot be explained by shape anisotropy.

As a consequence, we ascribe the observed effect to a preferred orientation of
the molecules within the film. In general, the distribution of the molecular orien-
tations can be described by a probability density function ρ(ϑ, ϕ), where ϑ and ϕ

are spherical coordinates giving the orientation of the anisotropy axis of Fe4 with
respect to the surface normal (see Figure 10.5a). For symmetry reasons, it holds that
the probability density does not depend on the azimuth angle ϕ, i.e. ρ(ϑ, ϕ) = ρ(ϑ).
The exact functional dependence of ρ(ϑ) is not known a priori and is extremely dif-
ficult to deduce from the experimental magnetization curves1. We therefore propose
a simple model with a step-like probability density function

ρ(ϑ) = (2π cosϑ0)−1 Θ(ϑ− ϑ0). (10.4)

Here, Θ is the Heaviside step function and ϑ0 is a parameter describing the degree
of orientation (random orientation for ϑ0 = 0, complete in-plane orientation for
ϑ0 → π/2). A schematic illustration of (10.4) is given in Figure 10.5b.

In order to estimate the value of ϑ0, we calculate the temperature and magnetic
field dependence of the in-plane and out-of-plane magnetization for an ensemble
of Fe4 SMMs with angle distribution (10.4) and refine ϑ0 by fitting the result to
our data. The projection of the magnetic moment onto the external field H can be

1This would require a numerical solution of a problem in calculus of variation.
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Figure 10.5 | Schematic illustration of the assumed distribution of molecular ori-
entations. (a) Definition of ϑ, ϕ and ϑ0. (b) Sketch of the angle distribution function
(10.4).

calculated from

M(H) =
2π∫
0

dϕ

π/2∫
0

dϑ sinϑ ρ(ϑ)Mϑ,ϕ(H) · eH , (10.5)

where Mϑ,ϕ(H) is the magnetic moment of a molecule with orientation of the
anisotropy axis given by (ϑ, ϕ) and eH is the unit vector in direction of the magnetic
field2. The calculation of Mϑ,ϕ was carried out within an S = 5 giant spin model
based on the ZFS Hamiltonian (10.2). For the fitting routine, D and g were kept
fixed to the values measured on polycrystalline material. All measured curved were
fitted with a single set of parameters (besides ϑ0, a prefactor was used in order to
account for the unknown number of molecules in the film). The best fit is achieved
for ϑ0 = 35.0(5)◦. The corresponding in-plane and out-of-plane magnetization curves
at 1.8, 2.5 and 4.5 K are shown as solid lines in Figure 10.4. For other film samples,
the same analysis routine yielded ϑ0 values in the range of 35–51◦.

Despite the simplicity of our model, a good coincidence is achieved between the
experimental data and the calculated curves. Considering that the calculation was
carried out using the bulk values of the anisotropy constant D and spin quantum
number S, our SQUID measurements provide strong evidence that the magnetic
properties of the individual Fe4H molecules do not change when being grown as film
material.

10.2.2 Mass Spectrometry

Mass spectra measured on both the dissolved film and the bulk reference sample are
depicted in Figure 10.6. Both spectra show a strong contribution atm/z = 1530.2 Th
and two small peaks atm/z = 1552.2 and 1568.3 Th, which are assigned to [M+H]+,
[M + Na]+ and [M + K]+, respectively. Here, M denotes the intact Fe4H molecule.

2Note that the magnetic moment depends on the azimuth angle ϕ when the magnetic field H is
applied in-plane.
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Figure 10.6 | Positive ion ESI-MS spectra of an Fe4H film prepared by ESD (a)
and of crystalline material of the Fe4H complex (b), both dissolved in THF. M
denotes the intact Fe4H molecule. Green asterisks are used to label peaks in (b)
which also appear in (a). The two peaks assigned to [M + Na]+ and [M + K]+ are
not visible in (b) at the scale of the graph, but are clearly apparent in the signal.
The inset shows the [M + H]+ peak in detail, together with the theoretical isotopic
distribution (green line). The intensity is normalized to the height of the [M + H]+
peak.

Several peaks at smaller m/z values can be attributed to fragments of Fe4H. Peaks
at m/z = 1344.9, 1221.7 and 1107.8 Th can be explained by the loss of either one or
two dpm ligands, or of an Fe(dpm)2 unit, resulting in [M−dpm]+, [M−2 dpm+Ac]+

and [M−Fe(dpm)2 + 2H]+, respectively. The Ac– adduct is present as an impurity
in the mass spectrometer. Furthermore, peaks at m/z = 606.7 and 422.4 Th are
assigned to the Fe monomers [Fe(dpm)3 + H]+ and [Fe(dpm)2]+.

The occurrence of a strong [M + H]+ signal in the dissolved film gives evi-
dence that a significant fraction of the Fe4H molecules stays intact during the
initial ESD process. Concerning fragmentation, two different processes have to be
taken into account. The peaks attributed to [M − dpm]+, [M − 2 dpm + Ac]+ and
[M − Fe(dpm)2 + 2H]+ are of around the same height relative to the contribution
of the intact complex in both spectra, indicating that these fragments are generated
within the ionization process in the mass spectrometer. In contrast to this, the peaks
attributed to [Fe(dpm)3 +H]+ and [Fe(dpm)2]+ are more dominant in the spectrum
of the film compared to the reference sample and are therefore presumably related
to fragmentation occurring during the deposition of the film.

It should be pointed out that no quantitative analysis of the ratio between frag-
ments and intact molecules within the film is possible based on ESI-MS, due to dif-
ferent ionization efficiencies and transmission coefficients of the molecules involved.
As will be shown in the following section based on STM measurements on Fe4H sub-



10.3 Fe4H on h-BN/Rh(111) 129

monolayers, only a small percentage of the deposited material consists of molecular
fragments.

10.3 Fe4H on h-BN/Rh(111)

As already discussed in chapter 7.4, a monatomic layer of hexagonal boron nitride
(h-BN) on Rh(111) forms a highly periodic moiré superstructure with a periodic-
ity of around 3.2 nm, often referred to as "nanomesh". Here, we demonstrate that
self-organized arrays of Fe4H can be fabricated by using the h-BN/Rh(111) moiré
pattern as template. The adsorption geometry and growth behavior of the molecules
is addressed by means of high-resolution low temperature scanning tunneling mi-
croscopy (STM). Furthermore, insight into the electronic properties of the system
is gained by combining scanning tunneling spectroscopy (STS) measurements and
density functional theory (DFT) calculations.

Sample preparation: h-BN/Rh(111) was prepared as described in chapter 7.4.
Fe4H molecules were deposited in situ by ESD from freshly prepared solutions in
tetrahydrofuran and methanol (volume ratio 6 : 1, concentration 7×10−5–1×10−4 M)
with the sample kept at room temperature.

DFT: Computational results within DFT were obtained by Andreas Irmler in
the group of Fabian Pauly (Department of Physics, University of Konstanz) by
employing version 6.5 of the TURBOMOLE program package3 and using the PBE0
exchange-correlation functional [248,249] with the TZVP basis set [250]. All shown
results were determined from a relaxed isolated molecule.

10.3.1 STM Imaging

Figure 10.7 shows typical STM topographic images of Fe4H molecules deposited on
h-BN/Rh(111) at different coverages, ranging from 0.001 ML to 0.7 ML. At small
coverage, the molecules appear as randomly distributed objects, occupying the pore
sites of the moiré superstructure (Figure 10.7a,b). By increasing the coverage, forma-
tion of well-ordered islands is observed (Figure 10.7c,d). The hexagonal periodicity
of the moiré pattern is visible on the islands as well. While the contrast of the moiré
structure is inverted on clean h-BN for the bias voltage values typically used within
this work (V ≥ 2.5 V) [165], no inversion is observed on top of the islands. This
results in different apparent height values of around 0.45 and 0.75 nm for molecules
sitting at pore and wire sites, respectively (Figure 10.7e). A further increase of the
coverage leads to the formation of an almost perfect monolayer of self-organized
Fe4H SMMs (Figure 10.7f,g).

3TURBOMOLE 6.5, TURBOMOLE GmbH Karlsruhe, http://www.turbomole.com. TURBO-
MOLE is a development of the University of Karlsruhe and Forschungszentrum Karlsruhe 1989-2007,
TURBOMOLE GmbH since 2007.
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Figure 10.7 | Coverage dependent STM topographic images of Fe4H on h-
BN/Rh(111): (a,b) 0.001 ML, (c,d) 0.06 ML, (f,g) 0.7 ML. (e) Height profile along
the dashed line in (d). An interpolation of the moiré pattern into the mid section
is shown as a dashed line to point out the effect of contrast inversion. Scanning
parameters: (a,b) V = 2.5 V, I = 5 pA, T = 6.7 K; (c-g) V = 2.5 V, I = 10 pA,
T = 1.9 K.

As it can be seen in Figure 10.7, growth of islands begins prior to the complete oc-
cupation of pore sites by individual molecules. This finding elucidates the important
role of intermolecular interactions in the system. While pore sites are energetically
favored by molecule-substrate interaction, as concluded from the adsorption behav-
ior in the low coverage regime and in accordance with studies of atoms and other
molecules on h-BN/Rh(111) [157, 161–163], the additional energy necessary for the
occupation of wire sites within islands is compensated by the decrease in energy
through molecule-molecule interaction.

High resolution images of Fe4H both as individual molecules and in islands re-
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STM DFT
pore site wire site q = 0° q = 10° q = 20°

Figure 10.8 | Left panel: Experimental STM images of an individual Fe4H
molecule on a pore site and of an Fe4H molecule embedded in an island on a
wire site. Image size 2.4 × 2.4 nm2, scanning parameters: V = 2.5 V, I = 10 pA.
Right panel: Simulated (DFT) STM images of Fe4H determined from the density
of states by considering all unoccupied molecular orbitals up to -1.5 eV (see later in
Figure 10.12b). Different angles θ between anisotropy axis and surface normal are
also shown. (The left image corresponds to the molecular orientation as depicted in
Figure 10.1a. Rotation takes place around a horizontal axis through the central Fe
atom.)

veal a clear intramolecular structure with an almost threefold rotational symmetry
that comprises six protrusions, arranged in three pairs (Figure 10.8 left panel). In
order to associate this structure with the molecular geometry, we compare our STM
measurements to a DFT calculation of a free Fe4H molecule. Simulated STM images
were calculated for different angles θ between the scanning plane and the plane of
the four Fe atoms (Figure 10.8 right panel). The simulation is in good agreement
with our measurement for θ = 0, whereas significant deviations are observed for
θ > 10◦. We conclude that Fe4H adsorbs on the substrate in a flat geometry, mean-
ing that the plane of the four iron atoms is oriented almost parallel to the surface.
The protrusions are therefore identified as the six dpm ligands of the organic lig-
and shell. Since the anisotropy axis of Fe4 is perpendicular to the plane of the Fe
atoms [11, 242, 251], the adsorption configuration corresponds to a perpendicular
alignment of the magnetic easy axis of the molecule with respect to the surface.

Detailed imaging of the internal structure of the islands shows that the molecules
can be arranged in two different hexagonal periodic lattices, forming either a (1/2×
1/2) or a (1/

√
3 × 1/

√
3)R30◦ superstructure with respect to the h-BN moiré unit

cell (Figure 10.9). For the (1/
√

3×1/
√

3)R30◦ superstructure, only one translational
domain has been observed, in which Fe4H molecules are occupying the pore sites of
the moiré pattern (Figure 10.9d). In contrast to this, the majority of islands in (1/2×
1/2) superstructure cannot be ascribed exclusively to one arrangement, but exhibits
different translational domains. Two preferred arrangements have been observed, for
which the pore positions coincide either with on top positions or with bridge positions
of the hexagonal lattice of the molecules (Figure 10.9b,c). Due to the symmetry of
the substrate, three different crystallographically equivalent translational domains
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Figure 10.9 | (a) STM image of two Fe4H islands with different superstructures.
(b-d) Detailed views of the molecular arrangements for the observed superstruc-
tures. The white parallelogram marks the moiré unit cell with the pores being cen-
tered at the corners. (e,f) Detailed images of the edge structure for the (1/2× 1/2)
and (1/

√
3 × 1/

√
3)R30◦ superstructure, respectively. (g) Model of the exact posi-

tions of the molecules within the moiré unit cell. Scanning parameters for all STM
images: V = 2.5 V, I = 10 pA and T = 1.9 K.

exist for the bridge configuration, of which only one is shown in Figure 10.9.
The frequency of occurrence of both superstructures strongly depends on the

angular rotation of the h-BN layer relative to the Rh(111) surface. While about 90%
of all ordered islands were found in (1/2 × 1/2) superstructure on h-BN domains
with R0 orientation, only the (1/

√
3 × 1/

√
3)R30◦ superstructure was observed on

rotational h-BN domains.
The preferred abundance of the (1/2 × 1/2) superstructure on R0 h-BN can

be explained by comparing the nearest-neighbor distance of both superstructures
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to the structural size of the Fe4H complex. The nearest-neighbor distance of the
(1/2 × 1/2) and (1/

√
3 × 1/

√
3)R30◦ superstructure is 1.60(5) nm and 1.85(6) nm,

respectively, based on an R0 h-BN moiré period of am = 3.2(1) nm [160, 166]. The
average intrinsic distance between two Fe4H molecules within the plane of the four Fe
atoms can be estimated from X-ray diffraction measurements on crystalline material
to be d = 1.63 nm. Therefore, a (1/2 × 1/2) superstructure matches the crystalline
molecule-molecule distance of Fe4H within the limits of accuracy, whereas the larger
periodicity of the (1/

√
3×1/

√
3)R30◦ superstructure leads to a significant mismatch

of 13%, rendering the latter one unfavorable in terms of intermolecular interaction.
In contrast, the exclusive appearance of the (1/

√
3× 1/

√
3)R30◦ superstructure

on rotational h-BN domains is obviously caused by steric hindrance. A rotation of
the h-BN layer with respect to the Rh(111) surface leads to a decrease of am. In our
experiment, rotational h-BN domains with moiré periodicities in the range of 2.8–
3.0 nm have been observed. Since this is significantly smaller than 2 d = 3.26 nm, but
of the same order or even larger than

√
3 d = 2.82 nm, a (1/2× 1/2) superstructure

is excluded due to steric reasons, while a (1/
√

3× 1/
√

3)R30◦ superstructure is still
possible.

A remarkable difference between both superstructures is observed concerning the
edge structure of the corresponding islands. While the molecules are forming straight
edges in islands with (1/2×1/2) superstructure (Figure 10.9e), a zigzag arrangement
is found for the (1/

√
3×1/

√
3)R30◦ superstructure, in which the outmost molecules

are occupying pore positions (Figure 10.9f).
In order to give a qualitative explanation for this finding, we compare the unit

cells of both edge structures concerning their ratio η of occupied pore to wire sites, as
well as their average coordination number Z. A precise definition of both quantities
is given by

η =

∑
i∈Ωp

pi∑
i∈Ωw

pi
, Z =

∑
i∈Ω

piZi∑
i∈Ω

pi
. (10.6)

Here, the index i is enumerating the adsorption sites within the unit cell of the edge
structure, pi is the occupation number of site i, Zi is the coordination number of site
i, Ωp and Ωw are the sets of all pore and wire sites, respectively, and Ω = Ωp ∪ Ωw.
In terms of molecule-substrate interaction, a large value of η is favored, whereas
intermolecular interaction tends to maximize the value of Z.

The occupation and coordination numbers for each of the observed super- and
edge structures are depicted in Figure 10.10. For the (1/

√
3 × 1/

√
3)R30◦ super-

structure, zigzag edges offer both a higher value of η = 3/4 and of Z = 34/7 ≈ 4.9,
compared to the respective values of η = 1/2 and Z = 38/9 ≈ 4.2 for straight
edges. Therefore, formation of zigzag edges is energetically favorable. In contrast to
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Figure 10.10 | Determination of η and Z for the observed super- and edge struc-
tures. Green and blue numbers refer to the occupation numbers pi and coordination
numbers Zi of the individual adsorption sites within the edge structure unit cell,
respectively.

this, the situation is not unambigious for the (1/2× 1/2) superstructure. The argu-
mentation can only be made for the "on top" configuration, for which zigzag edges
(η = 1/2, Z = 4) are advantageous concerning the higher occupation of pore sites,
while straight edges (η = 3/7, Z = 5.2) offer a larger coordination number. The
formation of straight edges in the (1/2× 1/2) superstructure is therefore obviously
driven by intermolecular interactions.
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10.3.2 Elastic Charge Transport

In order to investigate the electronic properties of the system, we performed dif-
ferential conductance (dI/dV ) measurements both on Fe4H molecules and on clean
h-BN/Rh(111) spots. All measurements were performed at T = 1.9 K using a mod-
ulation voltage of Vmod = 40 mV. To increase the dynamic range of the tunneling
current, the separation between tip and sample was varied during the measurement,
following a linear bias voltage dependence z(V ) = z0 − α|V − V0|. The starting
distance z0 was set by opening the feedback loop at V = 3 V and I = 20 pA and
slopes of α = 0.8ÅV−1 and 0.5ÅV−1 were used for measurements on Fe4H and on
h-BN, respectively. Normalization of the spectra to I/V was carried out based on
the method proposed by Prietsch et al. [101] with an offset constant of 2× 10−12 S.

Spectra of Fe4H molecules were acquired both on the dpm ligands and on the
center of Fe4H. In addition, spectra were measured with respect to the position of
the molecule within the moiré unit cell (pore or wire). Figure 10.11 compares the
normalized spectra (dI/dV )/(I/V ) of these four cases. For negative bias voltages,
the measurements do not show any significant features up to −3 V. On the other
hand, all the investigated molecular spectra present a peak at positive bias voltages,
while no such feature is observed in the reference measurement on the substrate
next to the molecule. The location within the molecule (center/dpm ligand) affects
both the position and the shape of the peak. A sharp resonance is observed on top
of the dpm ligands, whereas a broader feature at higher energy is present when the
measurement is performed above the center of the molecule. The respective peak
positions are 1.56(3) V and 1.84(5) V for a molecule sitting on a pore site. When the
spectrum is acquired on a molecule sitting on a wire site, the dpm ligand and center
resonances are shifted by 0.35(4) V and 0.40(5) V, respectively, while the overall
shape of the spectrum is unaffected.

We assign the resonance measured at positive bias voltage to tunneling into
the lowest unoccupied molecular orbital (LUMO) of Fe4H. The shift of the LUMO
resonance observed for different positions within the moiré unit cell can be attributed
to the local work function difference between pore and wire sites. It was shown in
a photoemission experiment that the work function on a pore is around 310(5) meV
lower than on a wire [157]. This work function difference is directly reflected in the
local surface potential due to the build-up of electric dipole fields. The energy of the
LUMO is defined by the electron affinity EA with respect to the local vacuum level.
Assuming that EA is the same for both adsorption sites, the work function difference
results in a shift of the LUMO with respect to the Fermi level of the Rh substrate
and therefore enables tunneling into the LUMO at lower voltages on regions with
lower work function. The same effect has been observed in recent STS studies of
molecules adsorbed on a layer of h-BN on Ir(111) [252] and Cu(111) [253].
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Figure 10.11 | Experimen-
tal dI/dV spectra recorded
on the dpm ligands (black
lines) and on the center (red
lines) of Fe4H molecules, which
occupy the h-BN wire sites
(top panel) and pore sites
(middle panel). A reference
dI/dV spectrum acquired on
the clean h-BN/Rh(111) sub-
strate is plotted for compar-
ison (bottom panel). Spec-
troscopy parameters are given
in the text.

Fe H4
(wire)

Fe H4
(pore)

substrate

It should be noted that spectra taken at center and dpm ligand positions of Fe4H
correspond to different points within the moiré unit cell. However, the observed
dependence of the LUMO resonance on the position within the molecule cannot be
explained by a work function variation of the substrate for several reasons: (1) The
difference in surface potential cannot account for the different line widths of the
resonances observed for both positions. (2) For a molecule sitting on a pore site,
the surface potential will shift the LUMO resonance on the dpm ligand to larger
voltages with respect to the center, whereas a shift to lower voltages will be the case
when the molecule is sitting on a wire site. Clearly, such a change of sign is not
observed. This effect however might account for the slightly different work function
related shifts measured for the center and dpm ligand resonance.

In order to clarify the origin of the difference between the dI/dV spectra ob-
tained on the center and on the dpm ligand, we compare our measurements to the
result of the spin-polarized first-principles calculation of a free Fe4H molecule within
DFT. Neglecting the influence of the substrate in the calculation is justified as the
insulating h-BN layer effectively decouples adsorbed molecules from the metallic sup-
port. Experimental evidence for decoupling is given by the observation of a sharp
resonance in the dI/dV signal, as well as the measured adoption of the LUMO to
the local vacuum level. Figure 10.12b shows the calculated spin-dependent projected
density of states (PDOS) of Fe4H. It is apparent that the LUMO of Fe4H is spin
split with an energy difference of 510 meV between minority and majority spin, the
latter one being shifted to higher energy. The majority LUMO is mainly located at
the central Fe atom with a small additional contribution coming from the two coor-
dinating tripodal ligands L. In contrast to this, the minority LUMO can primarily
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maj. LUMO (-1.81 eV) min. LUMO (-2.32 eV)

Figure 10.12 | DFT cal-
culation of a free Fe4H
molecule. (a) Contour of
the LUMOs for majority
and minority spin electrons.
(b) Spin-dependent total
PDOS (black solid line) to-
gether with the projections
on the central Fe (orange),
outer Fe (red), dpm lig-
ands (blue) and tripodal lig-
ands L (green). The dashed
line marks the center of
the gap between the high-
est occupied molecular or-
bital (HOMO) and LUMO.

be allocated to the three outer Fe atoms with small additional fractions from the
coordinating tripodal and dpm ligands. The majority LUMO is therefore located at
the center of Fe4H, while the minority LUMO can be mainly ascribed to the outer
segments (Figure 10.12a).

Relying on both the distinctly different spatial distributions of the minority- and
majority-spin LUMO predicted by DFT as well as the good agreement between the
calculated spin splitting of the LUMO and the measured energy difference between
the center and dpm ligand resonance, we attribute the spectral features observed
at the center and at the dpm ligands to different spin projections. We therefore
propose that electron transport within the used voltage range takes place mainly
over the majority LUMO at the center of the Fe4H molecule, whereas transport over
the minority LUMO is dominating when the measurement is performed at the dpm
ligands. These findings are a strong indication that the Fe4 complex remains not
only structurally intact upon the deposition on the h-BN surface, but also largely
retains its electronic properties.

10.4 Fe4H on Graphene/Ir(111)

We have demonstrated in the previous section that a single layer of hexagonal boron
nitride can be used to electronically decouple Fe4H molecules from the impact of the
underlying metal substrate. At the same time, we have seen that the structural or-
dering of the molecules is influenced by the boron nitride layer itself, which is directly
reflected in the formation of commensurate molecular superstructures. Here, we show
that the impact of the substrate on the molecular assembly can be reduced by us-
ing graphene on Ir(111) as growth template. Like h-BN/Rh(111), graphene/Ir(111)
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forms a highly periodic hexagonal moiré superstructure. In contrast to the strongly
corrugated h-BN "nanomesh", the corrugation of the graphene layer on Ir(111) is
relatively weak (see chapter 7). Furthermore, the electronic properties of both sub-
strates are significantly different. While h-BN/Rh(111) is a wide-bandgap electric
insulator, graphene/Ir(111) is electronically classified as a doped zero-gap semicon-
ductor.

By means of low temperature scanning tunneling microscopy, we demonstrate
that Fe4H forms periodic self-assembled structures on graphene/Ir(111) as well. In
contrast to h-BN/Rh(111), no correlation is observed between the order of these
molecular assemblies and the moiré superstructure. The magnetic properties of the
system are directly addressed by means of XMCD measurements. Furthermore, spin-
flip excitations in individual molecules are observed using inelastic electron tunneling
spectroscopy (IETS).

Sample preparation: Graphene/Ir(111) was prepared as described in chap-
ter 7.3. Subsequent deposition of Fe4H was carried out via ESD, using identical
parameters as for h-BN/Rh(111) (see section 10.3).

10.4.1 STM Imaging

Figure 10.13a,b show overview STM images of the Fe4Hmolecules on graphene/Ir(111)
at submonolayer coverage. Islands of molecules are observed, which are located at
step edges as well as on terraces of the substrate. A zoom on such an island is de-
picted in Figure 10.13c. In this image, the individual molecules are clearly resolved.
The apparent height of the molecules is around 0.75 nm, which coincides with the
value measured for Fe4H on hBN/Rh(111) wire sites.

In contrast to h-BN/Rh(111), no isolated molecules are found on the surface.
Some few isolated objects which are occasionally observed on the graphene terraces
have neither the same apparent height nor the same lateral dimensions as the Fe4H
molecules that are organized in islands and are therefore ascribed to molecular frag-
ments or impurities. This absence of isolated molecules already indicates the small
impact of the graphene moiré structure on the adsorption behavior.

Although the topographic corrugation of the graphene/Ir(111) moiré structure
is smaller than that of h-BN/Rh(111), the different trapping potential of both su-
perstructures is most likely related to their electronic rather than their structural
properties. For h-BN/Rh(111), it was shown that atoms and molecules are trapped
by strong electric dipole fields that build up due to work function differences within
the moiré unit cell [157]. As discussed in section 10.3.2, the lateral work function
variation is directly reflected in STS measurements as a position dependent shift of
the molecular levels. Since this bonding mechanism relies on a polarization of the
molecule within the electrostatic landscape of the surface, it is chemically unspecific
and therefore also applies to Fe4H.
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Figure 10.13 | (a,b) Overview STM images of Fe4H on graphene/Ir(111). (c)
Zoom on a molecular island, resolving the individual Fe4H molecules. (d) Height
profile along the dashed line in (c). Scanning parameters: (a) V = 2.5 V, I = 20 pA,
T = 6.9 K; (b) V = 2.5 V, I = 10 pA, T = 1.9 K; (c) V = 3 V, I = 10 pA, T = 1.8 K.

It was shown by several authors that the graphene/Ir(111) moiré structure can
serve as a template for the growth of atoms and molecules as well. For example,
Ir atoms were reported to preferably adsorb on the fcc- and hcp regions of the
graphene moiré structure [155]. The same positions – fcc and hcp – were found to
be energetically favored for the adsorption of CoPc molecules [118]. The preference
of these positions was explained by the authors with a covalent bonding mechanism.
On fcc and hcp sites, three of the six C atoms in the carbon hexagon lie almost
directly above an Ir atom of the Ir(111) surface and can therefore form a covalent
bond to the substrate via hybridization of the C 2pz with the Ir 3d orbitals. Since
this induces a disturbance of the π-bonds in the carbon hexagon, it enables the
remaining three C atoms to form a covalent bond to the adsorbed Ir atoms or CoPc
molecules via hybridization with the 3d orbitals of the Ir adatoms and Co centers,
respectively. However, in case of Fe4H, the separation between the 3d metal sites
and the graphene layer is much larger than for Ir atoms and CoPc molecules due to
the protruding structure of the molecular ligand shell. It is therefore unlikely that a
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Figure 10.14 | (a) High resolution STM image showing the periodic assembly of
the Fe4H molecules in the observed islands. The unit cell of the periodic structure
is indicated. (b,c) Magnification of the two individual molecules marked by white
squares in (a). Pairs of adjacent dpm ligands are indicated by white lines. Scanning
parameters: V = 3 V, I = 10 pA, T = 1.8 K.

hybridization takes place between the C 2pz and Fe 3d orbitals, which explains our
observation that Fe4H is not trapped on the graphene moiré structure.

A high resolution STM image of the molecules in one of the self-assembled islands
is shown in Figure 10.14a. The intramolecular structure is similar to that observed on
h-BN/Rh(111), comprising six protrusions per molecule which are identified as the
six dpm ligands. It is therefore concluded that Fe4H adsorbs on graphene/Ir(111)
in the same flat geometry, i.e. the magnetic easy axis of the molecule is oriented
perpendicular to the surface, as in the case of h-BN/Rh(111). The arrangement of
the molecules within the islands is found to be periodic with lattice parameters of
a1 = (1.61 ± 0.02) nm, a2 = (1.59 ± 0.04) nm and ϕ = (58.1 ± 1.8)◦. The given
error intervals refer to the standard errors of the mean values estimated from a
measurement on different islands. Additional systematic deviations in the values of
all three lattice parameters due to drift effects generally cannot be ruled out.

We note that a hexagonal ordering of the molecules is possible within the accu-
racy of our measurement. However – apart from a possible influence of the substrate
– there is no reason to expect a hexagonal structure to be more favorable than ar-
rangements of lower symmetry, since the actual symmetry of the molecule is only
C3. Furthermore, we note that the lattice parameters are very close to the intrinsic
ordering found in Fe4H single crystals. As bulk material, Fe4H crystallizes in the
monoclinic system [243]. The arrangement of the molecules in the crystallographic
(001) plane is depicted in Figure 10.15. The projection of the monoclinic unit cell
on the (001) plane comprises a two-molecular basis. The nearest-neighbor distances
are in the range of 1.622–1.632 nm and the angles to nearest-neighbors are the range
of 59.8–60.4◦.

The rotational orientation of the molecules with respect to the unit cell can be
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determined from the STM images by evaluating the position of the six dpm ligands.
In accordance with the threefold molecular symmetry, the six ligands are arranged
in three individual pairs that can be clearly identified for some of the molecules.
We found that the self-assembled islands comprise a rotational disorder, in which
the in-plane orientation of the molecules can differ by 60◦. This peculiar aspect is
demonstrated in Figure 10.14b,c. It shall be noted that the same disorder is observed
on h-BN/Rh(111), as well as in Fe4H bulk material. Detailed information about the
latter case are provided elsewhere [243]. A possible explanation for the rotational
disorder is that the symmetry of the outer ligand shell – from a steric point of view
– is close to C6. A rotation of individual molecules by 60◦ therefore results in only
a small disturbance of the periodic structure.

The moiré pattern of the graphene layer is not visible on top of the islands,
but can be imaged on uncovered graphene spots next to the islands simultaneously
with the molecular assembly. From our STM images, we find no correlation between
the ordering of the molecules and the moiré unit cell. This further corroborates the
weak impact of the moiré superstructure on the adsorption behavior. In particular,
no preferred orientation of the molecular unit cell with respect to the substrate is
observed. As shown in detail in Figure 10.16a, most of the islands comprise multiple
rotational domains. We assume that such multi-domain structures are formed from
individual smaller islands that merge together during their growth process.

It is evident from Figure 10.16a that the domain boundaries and the edges of the
islands act as pinning centers for objects that adsorb on top of the first Fe4H layer.
Magnified STM images, revealing the internal structure of these objects, are shown
in Figure 10.16b,c. The lateral size of the objects typically is around 2 nm and their
apparent height is in the range of 0.5–0.8 nm. The presence of these objects makes
it easy to identify different rotational domains even in large scale STM images as
Figure 10.13b. Based on the narrow size distribution and the overall topographic
dimensions, it seems reasonable to suppose that the second layer objects are Fe4H
molecules. Since the intramolecular structure is not uniform and generally deviates
from threefold rotational symmetry, we assume that the second layer molecules are
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Figure 10.16 | (a) STM image showing rotational domains in an Fe4H island on
graphene/Ir(111). Colored lines inside the individual domains are drawn through
the centers of adjacent molecules. The angle given for each domain refers to the
orientation of these lines with respect to the particular [110] direction of the Ir(111)
substrate that is indicated in (d). Boundaries between the rotational domains are
marked by white lines. (b,c) Magnified view of the areas that are marked by black
squares in (a), showing the internal structure of second layer molecules. (d) The
graphene moiré structure is clearly visible next to the island when adapting the color
scale to its height range. Determination of the Ir [110] direction was performed based
the orientation of the moiré unit cell. Scanning parameters: V = 3 V, I = 10 pA,
T = 2.3 K.

randomly oriented. This finding is most likely explained by the non-uniform adsorp-
tion geometry provided by the island edges and domain wall sites.

10.4.2 XAS and XMCD Measurements

In order to get insight into the electronic structure and magnetic properties of an
Fe4H submonolayer on graphene/Ir(111), we utilized X-ray absorption based tech-
niques, namely X-ray absorption spectroscopy (XAS) and X-ray magnetic circular
dichroism (XMCD). Both methods provide highly surface sensitive and element se-
lective information about oxidation states and magnetic moments and are therefore
considered to be key tools for studying electronic and magnetic phenomena at sur-
faces.

The measurements were performed at the X-Treme beamline of the Swiss Light
Source (SLS) synchrotron radiation facility [254]. The end station of the beamline
is equipped with a scanning tunneling microscope and contains a separate UHV
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chamber that offers standard tools for sample preparation, including an Ar+ sputter
gun, a heating stage and leak valves for controlled gas inlet. Sample preparation
was performed completely in situ. For the preparation of clean graphene/Ir(111)
substrates, the procedure described in chapter 7.3 was adapted to lower substrate
temperatures in order to comply with the restrictions of the experimental setup
(∼ 1100–1200 ◦C for cleaning of Ir(111) and 1100 ◦C for growth of graphene via
CVD). A good quality of the graphene layers was verified by means of STM imaging.
In order to allow for an in situ deposition of Fe4H, the ESD setup was transported
to the synchrotron facility and attached to the UHV system of the end station via a
gate valve. The surface coverage was estimated by correlating XAS and STM data.
All results presented here were obtained on a single sample with 0.55 ML coverage.
Furthermore, an Fe4H powder sample was used as a reference.

Measurements of the XAS signal were performed in the total electron yield (TEY)
mode, using circularly polarized X-rays. Here, σ+ and σ− refer to a parallel and
antiparallel alignment of the helicity and beam direction, respectively. The XMCD
signal is calculated by taking the difference between both polarizations, i.e. σ+−σ−.
In order to prevent radiation damage (degradation of the molecules induced by X-ray
radiation) the sample was placed out of focus of the X-ray beam, resulting in a spot
size of around 0.5 × 1.5 mm2. Furthermore, the photon flux was reduced as much
as possible by setting the monochromator of the beamline to high energy resolution
(cff = 10, front end opening 0.25 × 0.25 mm2, exit slit opening 5µm - see [254] for
details).

During the measurements, the sample was placed in a 4He evaporation cryostat
that provides magnetic fields of up to 7 T in beam direction. By rotating the sample
around an axis perpendicular to the beam, signals were obtained at different angles
θ of the magnetic field with respect to the surface normal. All measurements were
performed at the lowest temperature possible. For this purpose, the 1-K pot of the
cryostat was completely filled with liquid He in advance of the measurements and
subsequently disconnected from the He bath, resulting in a single-shot mode. During
this procedure, the 1-K pot reached a temperature of around 1.4 K and the sample
reached a temperature of T < 3 K, depending on the sample and sample holder
geometry (see below).

Figure 10.17 shows XAS and XMCD spectra taken at the Fe L2,3 (2p → 3d)
absorption edges of both the powder sample and the Fe4H submonolayer. On the
timescale of our measurements4, no change was observed in the shape of the XAS
spectra, indicating that no radiation damage occurs. The spectral features observed
in XAS are almost identical for both samples and coincide well with data reported for
similar Fe4 derivatives [11,236,242,255]. Generally, the shape of the XAS spectrum
is highly sensitive to the Fe oxidation state. Our measurements therefore indicate

4Taking a complete data set of a single sample takes several hours.
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Figure 10.17 | XAS and XMCD spectra at the Fe L2,3 edges, obtained on an
Fe4H powder sample (a) and on 0.55 ML Fe4H on graphene/Ir(111) (b). Data were
acquired in a magnetic field of 6.8 T and at T < 3 K. All spectra are normalized to
the intensity of (σ+ + σ−)/2 at the main peak of the L3 edge (709.2 eV).

that the electronic structure of the molecule is largely unaffected by the deposition
on graphene/Ir(111). The good coincidence of both samples is also reflected in their
XMCD signals. Both the shape and the amplitude of the XMCD response agree well
with data reported for other Fe4 compounds [11,236,242,255]. It was demonstrated in
[255] that the measured XMCD spectrum is reflecting the ferrimagnetic configuration
of the central and the peripheral Fe sites. Our data therefore further corroborate
that intact Fe4H molecules are present on the sample surface.

Magnetization curves of both samples were obtained by measuring the magnetic
field dependence of the XMCD signal at the energy of its highest intensity (709.2 eV).
In case of the powder sample, no influence of the orientation of the magnetic field
on the XMCD signal is expected since the sample is isotropic. The measurement
shown here was obtained at θ = 20◦. In contrast, magnetization curves of the Fe4H
submonolayer were obtained both with out-of-plane (θ = 0◦) and partially in-plane
(θ = 60◦) orientation of the magnetic field. The recorded magnetization curves are
depicted in Figure 10.18.

For the Fe4H submonolayer, the magnetization obtained at θ = 0◦ is significantly
larger than for θ = 60◦, indicating an out-of-plane magnetic anisotropy of the sample.
This is in well agreement with the STM measurements discussed in section 10.4.1,
where Fe4H was found to adsorb on graphene/Ir(111) in a flat geometry with the
idealized C3 axis pointing perpendicular to the sample surface.

In order to quantitatively analyze the recorded magnetization curves, we per-
formed a fit of the experimental data based on the simple ZFS Hamiltonian (10.2).
In accordance with the STM results, the magnetization of the Fe4H/graphene sub-
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Figure 10.18 | Magnetization curves obtained by recording the magnetic field
dependence of the XMCD signal at the Fe L3 edge for the Fe4H powder sample
(a) and for 0.55 ML Fe4H on graphene/Ir(111) (b). Experimental data were sym-
metrized by replacing M(H) with (M(H)−M(−H))/2. Solid lines represent fits to
the data based on the models that are described in the text.

monolayer was calculated on the assumption that the anisotropy axes of all molecules
are oriented along the surface normal, meaning that the angle θ directly reflects the
orientation of the magnetic field with respect to the anisotropy axis. In contrast,
for the powder sample, the calculated magnetization was averaged over all possi-
ble field orientations to account for the random orientation of the crystallites in
the material. The fitting of the data was carried out by keeping the spin quan-
tum number and Landé factor fixed to S = 5 and g = 2, respectively, and re-
fining the temperature T and anisotropy constant D. The best-fit parameters so
obtained are T = (1.9±0.2) K, D = −(0.44±0.03) cm−1 for the powder sample and
T = (2.8± 0.3) K, D = −(0.51± 0.07) cm−1 for Fe4H/graphene. The magnetization
curves calculated from the best-fit results coincide well with our experimental data,
as can be seen from Figure 10.18.

The good agreement between calculation and experiment corroborates the out-
of-plane orientation of the magnetic easy axis and demonstrates that the assumption
of an S = 5 spin ground state of Fe4H on graphene/Ir(111) is justified. Notably, the
anisotropy constant D of the Fe4H/graphene submonolayer coincides with that of
the powder sample within the accuracy of our measurement. Furthermore, both
values are in agreement with the bulk value of D as obtained from SQUID magne-
tometry on polycrystalline material (see section 10.1). We therefore conclude that
the magnetic anisotropy constant D of Fe4H is unaffected upon the deposition on
graphene/Ir(111).

The different temperature values obtained for the Fe4H submonolayer and pow-
der sample can be ascribed to the different mounting of both samples during the
XMCD measurements. The Ir(111) crystal used for the preparation of the submono-
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layer was mounted on an Omicron sample plate made of molybdenum, which in turn
was clamped on a special sample holder that fits into the insert of the Cryostat. In
contrast, the Fe4H powder sample was in direct contact to that sample holder, re-
sulting in a better thermal coupling to the 1-K pot of the cryostat and therefore in a
lower temperature. We note that the best-fit value of the temperature obtained for
the Fe4H submonolayer is in good agreement with the value expected for this sam-
ple holder geometry, based on experiences with other experiments at the X-treme
beamline5.

In conclusion, the results presented in this chapter corroborate the outstanding
stability of the magnetic properties of the Fe4 complex. Due to the well defined
orientation the magnetic easy-axis, Fe4H on graphene/Ir(111) is demonstrated to
be a promising system for further studies aiming at an implementation of SMMs in
nanoscale spintronic devices.

10.4.3 Inelastic Electron Tunneling Spectroscopy

Inelastic electron tunneling spectroscopy (IETS) offers the possibility to extend the
information provided by XMCD in several respects. First, IETS is capable of probing
magnetic properties on the single molecule level. This is in contrast to XMCD,
where a signal is acquired on a macroscopic area of the sample, therefore reflecting
an average over a large number of molecules. Furthermore, IETS can give direct
insight into the exchange coupling between the different spin centers in an individual
molecule. Such information are difficult to attain by means of XMCD as they require
temperature dependent measurements up to 300 K, which suffer from small signal
amplitudes. Here, we present first preliminary results demonstrating that IETS is
an appropriate method to detect spin-flip excitations in individual Fe4H molecules
on graphene/Ir(111).

Spectroscopic data were acquired by placing the STM tip above the center of
the molecules and detecting the differential conductance dI/dV as a function of the
bias voltage V in the range of ±10–20 mV. Figure 10.19 shows a conductance curve
obtained on a single Fe4H molecule, as well as a reference measurement performed on
the clean graphene/Ir(111) substrate. Both curves were recorded at a temperature of
1.9 K and in a magnetic field of 1 T applied perpendicular to the sample surface. The
spectrum acquired on Fe4H shows symmetric steps around the Fermi energy, which
are a fingerprint of inelastic excitations. In contrast, no such feature is observed on
graphene/Ir(111). We note that the center of the two steps is slightly shifted with
respect to the Fermi energy by around 660µV. A shift of this magnitude can be
attributed to the buildup of thermovoltages between tip and sample, as well as to a
possible voltage offset of our STM preamplifier.

5Stefano Rusponi, private communication.
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Graphene

Fe H / Graphene4

Figure 10.19 | Conductance spec-
tra obtained on an individual Fe4H
molecule and on graphene/Ir(111).
Spectroscopy parameters: Vs = 25 mV,
Is = 50/250 pA (for Fe4H and graphene,
respectively), Vmod = 1 mV, T = 1.9 K.
A magnetic field of 1 T was applied in
out-of-plane direction. The conductance
curve obtained on graphene is divided
by a factor of 5 to account for the higher
set current and shifted by 0.5 nS for
clarity. The solid curve is a fit to the
Fe4H spectrum based on the model de-
scribed in the text.

In order to determine the excitation energy, a fit of the Fe4H spectrum is per-
formed based on equation (3.19), describing the contribution of inelastic processes to
the tunnel current. The elastic contribution to the current is assumed to be linear in
the small bias voltage range of our measurement, therefore resulting in a simple off-
set constant in dI/dV . The broadening of the experimental spectrum caused by the
modulation voltage of the lock-in amplifier is taken into account by convolving the
calculated curve with a half circle of radius

√
2Vmod, according to equation (3.25).

The best fit yields an excitation energy of 2.9 meV. The corresponding conductance
curve is shown as a solid line in Figure 10.19.

Since vibrational excitations typically appear two orders of magnitude higher in
energy, we attribute the inelastic feature observed in our measurement to a spin-flip
excitation in the Fe4H complex. An experimental proof of this interpretation can
be provided by measuring the magnetic field dependence of the excitation energy,
which is the aim of future work. To get insight into the exact origin of the excitation
process, we quantitatively calculate the energies of possible spin-flip transitions in
the Fe4H complex. For a calculation of the complete spectrum of spin states, we
consider the Hamiltonian

H = J1S1 ·
∑
i 6=1

Si + J2
2
∑
i 6=j

Si · Sj +DS2
z + gµBHSz, (10.7)

taking into account both exchange interactions and uniaxial magnetic anisotropy.
Here, the same notation is used as in chapter 10.1, i.e. S1 is the spin of the central Fe
atom, Si 6=1 are the spins of the peripheral Fe atoms, Sz is the out-of-plane projection
of the total spin S =

∑4
i=1 Si, J1 and J2 are the nearest and next-nearest-neighbor

exchange constants, D is the anisotropy constant, g is the Landé factor and H

is the amplitude of the magnetic field. Higher order terms in magnetic anisotropy
are neglected in (10.7) and the value of D is assumed to be the same for all spin
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multiplets S.
As already discussed in chapter 9.4.4, spin excitations induced by tunneling elec-

trons obey the selection rule ∆M = 0,±1. At 1.9 K, most likely the |S,M〉 = |5, 5〉
ground spin state is initially occupied6. Therefore, the spin-flip excitation with the
lowest energy is a transition between the adjacent M = 5 and M = 4 states of
the S = 5 ground state multiplet. Transitions from |5, 5〉 into |4, 4〉, |6, 4〉, |6, 5〉 and
|6, 6〉 states, involving a change of the spin quantum number S, are possible at higher
excitation energies.

Since the lowest energy transition |5, 5〉 → |5, 4〉 takes place within the same spin
multiplet, its excitation energy can be calculated from the anisotropy and Zeeman
terms in (10.7) alone, yielding

∆E|5,5〉→|5,4〉 = 9|D|+ gµB|H|. (10.8)

Substituting the bulk values of D = −0.427 cm−1 (−52.9µeV) and g = 1.994 into
(10.8) and taking into account the value of the magnetic field used in our measure-
ment, the expected excitation energy is 0.59 meV.

In contrast, spin-flip transitions into higher spin multiplets are energetically dom-
inated by the Heisenberg terms in (10.7). As reported in [256], it is possible to diag-
onalize the Heisenberg Hamiltonian analytically. Using the notation Sext =

∑4
i=2 Si

for the sum of the three peripheral spin operators and denoting the respective spin
quantum number Sext, the eigenvalues of the Heisenberg Hamiltonian are given by

E(S, Sext) = J1
2 S(S + 1) + J2 − J1

2 Sext(Sext + 1). (10.9)

Figure 10.20a shows the exchange energy as a function of the total spin S, calculated
for coupling constant values of J1 = 16.94 cm−1 (2.101 meV) and J2 = 0.95 cm−1

(0.12 meV) as measured on Fe4H bulk material. The two lowest lying spin multiplets
that can be addressed by spin-flip excitations are an S = 4 (Sext = 13/2) state, hav-
ing an energy of 5

2J1 − 15
2 J2 = 4.37 meV with respect to the ground state multiplet,

followed by an S = 6 (Sext = 15/2) state at 6J1 = 12.6 meV. For a calculation of
the energies of spin-flip transitions into these multiplets, the ZFS and Zeeman terms
need to be taken into account in addition. In particular, the expected excitation
energy of the |5, 5〉 → |4, 4〉 transition in a magnetic field of H = 1 T is 4.96 meV.

On the basis of the calculated energy values, we ascribe the inelastic excita-
tion observed in our measurement to the transition into the S = 4 multiplet, i.e.
|5, 5〉 → |4, 4〉. The low energy transition |5, 5〉 → |5, 4〉 is not observed in the spec-
troscopic signal, which can be well explained by taking into account the finite energy
resolution of the measurement. From the temperature value and lock-in modulation

6The direction of the magnetic field is defined here so that the energy of |S, |M |〉 is lower than
that of |S,−|M |〉.
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Figure 10.20 | (a) Eigenstates of the Heisenberg Hamiltonian as a function of
the total spin S, calculated for Fe4H bulk material (values of J1 and J2 given in the
text). The ground state and the first excited state are an S = 5 and S = 4 multiplet,
respectively. (b) Schematic sketch of the two lowest energy transitions |5, 5〉 → |5, 4〉
(red arrow) and |5, 5〉 → |4, 4〉 (orange arrow) in zero magnetic field. The degeneracy
of the S = 5 and S = 4 multiplets is lifted due to magnetic anisotropy.

amplitude, the energy resolution of the spectrum shown in Figure 10.19 is calculated
to be 2.6 meV, which is significantly larger than the expected energy separation of
the two steps in dI/dV . As a result, the spectroscopic signal of the |5, 5〉 → |5, 4〉
transition is expected to be strongly smeared out and reduced in intensity. It shall be
noted that no considerable improvement in energy resolution can be achieved by re-
ducing the lock-in modulation amplitude, which was demonstrated by spectroscopic
measurements previously performed in our group [118]. It therefore seems unlikely
that the |5, 5〉 → |5, 4〉 transition can be resolved with our experimental setup.

We note that the measured value of the excitation energy is around 42 % smaller
than the value calculated for the |5, 5〉 → |4, 4〉 transition from the anisotropy and
exchange parameters of Fe4H bulk material. A change of this magnitude cannot be
explained by a reduction of the anisotropy parameter D, since the zero field splitting
of theM = 5 andM = 4 levels only accounts for a contribution of 9|D| = 0.48 meV to
the excitation energy. Furthermore, a significant change in D can be ruled out based
on the XMCD measurements that were reported in the previous section. Therefore,
we ascribe the observed deviation in excitation energy to a reduction of the exchange
coupling constant J1. Generally, a change in J2 is possible as well, but will only have
a small impact on the excitation energy, since J2 � J1. For the sake of simplicity,
we therefore neglect the next-nearest-neighbor exchange term in the following dis-
cussion by assuming J2 = 0. The measured value of the excitation energy of 2.9 meV
then corresponds to a nearest-neighbor constant of J1 = 7.5 cm−1 (0.93 meV), i.e. a
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reduction of J1 by around a factor of two.
Several effects must be taken into account in order to explain the observed change

in J1. According to a recent IETS and DFT study of another Fe4 derivative on a
Cu2N surface [257], the structural and electronic influence of the substrate reduces
the coupling constant by around 39 %. In order to clarify whether a reduction of the
same order is expected for Fe4H/graphene/Ir(111), additional DFT calculations of
this system are required. Furthermore, a better experimental statistic is necessary
to check if the inelastic excitation is observed at the same energy for all molecules on
the surface. At the moment, a statistical IETS study is performed in our group by
Fabian Paschke. First results indicate a distribution of different excitation energies
with a mean corresponding well to the excitation energy expected for bulk material.
A possible influence of the substrate might therefore result in either a decrease or
increase in J1, depending on the adsorption site.

Another important aspect is the influence of the STM tip on the molecular
geometry. Generally, the exchange coupling is very sensitive towards a change in the
Fe-O-Fe bond angles. In [257], it was shown that a 2 % compression of the molecular
core parallel to the C3 axis increases J1 by a factor of 1.9. On the basis of this
argument, the authors ascribed a too large value of the excitation energy measured
by IETS to the confinement of the molecule in the substrate-tip junction. However,
a tip induced compression of the molecule can be ruled out in our case, since it
results in the opposite qualitative trend in J1.
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Over the last decade, electrospray deposition (ESD) and electrospray ion beam de-
position (ESIBD) have evolved into powerful tools for the transfer of nonvolatile
compounds onto electrically conductive substrates in ultra-high vacuum (UHV).
The development of these versatile techniques has opened up new perspectives for
the implementation of functional molecules as building blocks in information tech-
nology. However, the possible impact of the substrate on the molecular functionality
and the difficulty to contact individual molecules to metallic electrodes remain major
challenges in this field.

Within this thesis, ESD has been applied to deposit single molecule magnets
(SMMs) on atomically flat substrates and subsequently address the electronic and
magnetic properties of the molecules by means of scanning tunneling microscopy
and spectroscopy (STM/STS), X-ray photoelectron spectroscopy (XPS), X-ray ab-
sorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD). The
experiments were carried out on two different molecular compounds: Mn12 and Fe4.
In the following, the main results are briefly summarized and a prospect for future
research in the field is given.

Mn12

In the first part of this thesis, the archetypical Mn12-ac SMM has been studied on
Au(111) and Ag(111) noble metal surfaces, as well as on a single layer of graphene
on Ir(111). According to STM topographic images, structurally intact molecules are
present on all of these substrates after deposition. In contrast, a fragmentation of
Mn12-ac is observed when the deposition is performed on Cu(111), which is ascribed
to the high affinity of copper towards carboxylic acids.

On Au(111), Mn12-ac mainly grows as unordered two-dimensional islands. To
a smaller extent, individual molecules are observed at the fcc- and elbow-sites of
the herringbone reconstruction, which is explained by the droplet size distribution
generated by ESD. From a statistical analysis of the topographic appearance, the
orientation of the molecules with respect to the substrate is found to be randomly
distributed. STS measurements performed on individual Mn12-ac molecules show
a wide conductance gap around the Fermi energy with an average gap width of
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〈∆Egap〉 = (2.20± 0.45) eV. No sharp resonances are evident from the recorded dif-
ferential conductance curves, indicating a broadening of the molecular states caused
by the interaction of the molecules with the Au(111) substrate. Furthermore, no
inelastic features are present in charge transport measurements in the mV regime,
indicating a quenching of the spin due to the molecule-substrate interaction.

XPS measurements performed on Mn12-ac/Ag(111) further corroborate the strong
impact of the metallic substrate on the properties of Mn12-ac. From the position of
the Mn2p3/2 peak, the shift of the Mn2p shake-up satellites and the value of Mn 3s
exchange splitting, we infer that the manganese ions in Mn12-ac are partially reduced
from Mn(III)/Mn(IV) to Mn(II), indicating a charge transfer between the molecules
and the Ag(111) substrate.

In contrast, STM and STS measurements performed on Mn12-ac on graphene/Ir(111)
provide strong evidence that a single layer of graphene is able to electronically de-
couple the molecules from the influence of the metallic support. This finding is
supported by two observations: First, a part of the Mn12-ac molecules self-assembles
in highly ordered periodic structures. To the knowledge of the author, this is the
first time that a periodic surface organization of Mn12 SMMs is reported. Secondly,
sharp resonances at -1.38 and 1.54 eV are observed in the differential conductance,
which are ascribed to a charge transport trough the highest occupied molecular or-
bital (HOMO) and the lowest unoccupied molecular orbital (LUMO), respectively.

Future experiments on Mn12-ac could possibly address the magnetic properties of
the molecules on graphene/Ir(111) via XMCD and inelastic spin-flip spectroscopy.
However, a successful integration of Mn12 SMMs into more complex device geome-
tries seems unlikely, as the redox instability of the Mn12O12 core makes the complex
highly sensitive to the molecular surrounding. Despite its high blocking temperature,
Mn12 therefore seems to be no suitable candidate for future studies aiming at a use
of SMMs in technological applications.

Fe4

In the second part of this thesis, another SMM known as Fe4 has been studied, which
has raised great interest due to the remarkable stability of its magnetic functionality.
We have demonstrated for the first time that Fe4 can be organized in highly periodic
surface structures with a well defined orientation of its magnetic easy-axis. This
was achieved by the combination of three accurate choices: First, we modified the
organic ligand shell of the Fe4 complex, aiming for a flat molecular geometry. For this
purpose, a new derivative (Fe4H) was synthesized, comprising the shortest tripodal
ligand possible. Secondly, we used ultrathin layers of h-BN and graphene grown
on Rh(111) and Ir(111), respectively, to electronically decouple the molecules from
the metallic substrate. Thirdly, we implemented electrospray deposition in UHV as
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a suitable method for transferring the Fe4H complex from solution to the surface,
resulting in samples of high purity and with only minor fragmentation.

The bulk magnetic properties of the Fe4H complex were characterized by means
of superconducting quantum interference device (SQUID) magnetometry. The mole-
cule has an S = 5 spin ground state with easy-axis type magnetic anisotropy. The
values of the exchange constants describing the intramolecular coupling of the four
Fe atoms and of the uniaxial anisotropy constant were found to be close to those of
other Fe4 derivatives.

On h-BN/Rh(111), the Fe4H molecules assemble in (1/2 × 1/2) and (1/
√

3 ×
1/
√

3)R30◦ superstructures with respect to the hexagonal moiré pattern of the sub-
strate. As observed by high resolution STM imaging, the adsorption geometry of
the molecules is such that their magnetic easy axis is aligned perpendicular to the
surface plane. By STS measurements and accompanying DFT calculations, we in-
fer that the minority- and majority-spin components of the spin-split LUMO can
be addressed separately, depending on the energy and spatial position within the
molecule.

On graphene/Ir(111), a periodic self-assembly of the molecules is observed with
lattice parameters close to those found in Fe4H bulk material. In contrast to h-
BN/Rh(111), no correlation between the periodic ordering of the molecules and the
moiré pattern of the substrate is found, which can be explained by the different
nature of the molecule-substrate interaction (electric polarization on h-BN/Rh(111)
vs. van-der-Waals interaction on graphene/Ir(111)). According to high resolution
STM images, the magnetic easy axis of the molecules is oriented perpendicular to
the sample surface as well. This finding is corroborated by XMCD measurements
performed at different orientations of the magnetic field with respect to the surface
normal. From a quantitative analysis of the magnetic field dependence of the XMCD
spectra, we find that the uniaxial anisotropy constant of Fe4H is unaffected upon the
deposition on graphene/Ir(111). However, spin-flip excitations observed in inelastic
electron tunneling spectroscopy (IETS) indicate that the interaction between Fe4H
and graphene might result in a reduction of the exchange constant J1 by around a
factor of 2.

The well defined adsorption geometry of the Fe4H complex on different substrates,
the superior stability of its functional magnetic properties and the versatility of
the applied deposition method open up new and interesting perspectives for future
research.

An intriguing experiment would be to study the tunnel transport through Fe4H in
between a superconducting tip and substrate. Due to the effect of the superconduct-
ing tip and sample density of states, inelastic excitations would occur as peaks rather
than steps in dI/dV , which appear at threshold energies that are shifted by the sum
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of the superconducting gaps of tip and sample, i.e. |eV | = ∆tip +∆sample + ε [258]. It
was shown that the energy resolution of the spectroscopic features in such a config-
uration is improved far beyond the Fermi-Dirac threshold [259]. Therefore, the low
energy transition |5, 5〉 → |5, 4〉 would likely be resolved in IETS even at T = 1.8 K,
yielding direct information about the magnetic anisotropy of individual molecules.

A possible way to prepare the superconducting tunnel junction would be to
deposit Fe4H on a Pb(111) film or single crystal and to fabricate a Pb-covered su-
perconducting tip by driving a regular tungsten-tip into the substrate. Alternatively,
Pb could be intercalated underneath a layer of graphene and a bulk superconducting
tip could be used to probe the molecules. This would provide the advantage of a
better electronic decoupling of Fe4H from the Pb surface.

A second interesting experiment would be to implement a ferromagnetic elec-
trode into the tunnel junction, i.e. to either deposit Fe4H on a ferromagnetic sub-
strate (which again could be covered by a layer of graphene via intercalation or,
if possible, direct growth of graphene on the ferromagnetic material) or to use a
ferro- or antiferromagnetic tip, as is done in spin polarized STM. Since the two spin
components of the LUMO of Fe4H can be addressed separately in the tunnel trans-
port, such an experiment could utilize a single Fe4H molecule as a spin valve, whose
resistance can be switched between two states, depending on the external magnetic
field, the spatial position of the tunnel transport and the bias voltage.

Further Development of the Electrospray Deposition Setup

Finally, I would like to mention that a further development of the electrospray de-
position setup is planned. In the current version of the setup, the generated particle
beam consists of sub-µm sized droplets rather than gas-phase ions, which was shown
by a measurement of the particle energy per unit charge (see chapter 6.2.2). Depend-
ing on the properties of the deposited molecules and the substrate, this might result
in a partial agglomeration of the molecules on the surface (as observed for Mn12-ac
and the four-armed polyfluorene star polymer studied in chapter 8.2) or might not
significantly affect the adsorption behavior (as in case of Fe4H, CoPc and the tri-
azatruxene derivative used in chapter 8.3).

The tools required for a complete desolvation of the charged droplets are already
implemented in the ion source of the ESD setup. Specifically, the degree of desolva-
tion can be controlled by the temperature of the inlet capillary and the temperature
and flow rate of the N2 counter gas flow. However, a deposition of completely de-
solved gas-phase ions is prevented in the current setup by the high pressure in
the second differential pumping stage, which is associated with a high number of
collisions between the particles and the background gas. For this reason, a new dif-
ferential pumping system has been designed in the course of this thesis, which is
expected to reduce the pressure in the second chamber to the 10−5 mbar range. In
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future experiments, this modification of the setup might enable the deposition and
investigation of isolated molecules even in the case of extremely large and complex
molecular compounds.
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